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Abstract 	
Cilia are conserved organelles that extend from the surface of most eukaryotic 
cells. During development cilia play key roles in force generation and perception 
of the extracellular environment. Ciliary defects cause a broad class of human 
diseases called ciliopathies characterized by pleiotropic symptoms including 
cystic kidneys, retinal degeneration, cardiac malformations and skeletal 
deformations. Perception of the environment relies on specific proteins being 
localized to the ciliary membrane compartment. The mechanism for sorting and 
trafficking membrane proteins to the cilium is poorly understood. To address this 
question, I developed a fluorescence-based pulse-chase assay to measure the 
transport kinetics of ciliary membrane proteins. This assay was used to 
determine the importance of candidate proteins to the delivery of fibrocystin, 
polycystin-2, and smoothened to cilia. Using this assay, I found that ciliary 
delivery of fibrocystin and polycystin-2 requires IFT20, GMAP210, and the 
exocyst while smoothened delivery is largely independent of these proteins. In 
addition, I determined that polycystin-2, but not smoothened or fibrocystin require 
the biogenesis of lysosome related organelles complex-1 (BLOC-1) for ciliary 
delivery. Consistent with a requirement for BLOC-1 in ciliary transport of 
polycystin-2, BLOC-1 mutant mice have cystic kidney disease. BLOC-1 functions 
in endosomal sorting and I find that disrupting the recycling endosome also 
reduced ciliary polycystin-2 and causes its accumulation in the recycling 
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endosome. This is the first demonstration of a role for BLOC-1 in ciliary 
biogenesis and highlights the complexity of trafficking pathways to the cilium.	
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Chapter I : Introduction 	
Cilia are conserved organelles that extend from the surface of most eukaryotic 
cells excluding yeast and higher plants (Pazour and Bloodgood, 2008). Functions 
of cilia include cell motility and the sensory perception of the extracellular 
environment. Defects in cilia activity results in genetic diseases called ciliopathies 
such as cystic kidneys, retinal degeneration, obesity, neurodevelopmental 
anomalies, heart malformations, and skeletal deformations (Hildebrandt et al., 
2011). The sensory function of cilia is mediated through specific membrane 
protein receptors that localize to the cilium. There is no protein synthesis 
machinery within cilia meaning that receptors must be translated, sorted, and 
trafficked from outside of the organelle. The localization of specific receptors at 
the cilium and the trafficking mechanisms involved are not well understood. 
Receptors must pass through physical barriers at the cilium in order to enter the 
organelle and they use unique targeting sequences, trafficking pathways, and 
protein transport machineries for delivery to the primary cilium. 
Primary Cilia Structure and Trafficking Barriers 
The single non-motile primary cilium is a sensory organelle that functions by 
using receptors that are localized in the ciliary membrane. Because cilia extend 
from the plasma membrane they are not fully enclosed by a membrane layer. 
The cilium maintains its unique receptor composition due to physical barriers that 
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are thought to act as a selective gate for membrane protein entry (Czarnecki and 
Shah, 2012; Reiter et al., 2012; Rosenbaum and Witman, 2002). 
The Primary Cilium 
Primary cilia are found on the surface of most vertebrate cell types including 
epithelial and mesenchymal cells. They are derived from centrosomes that are 
docked at the cell surface. During cell cycle arrest, the centrosome becomes 
tethered to the plasma membrane and the microtubule axoneme extends from 
the mother centriole also known as the basal body (Fig. I-1A) (Rosenbaum and 
Witman, 2002). The axoneme of the primary cilium consists of a core of nine 
microtubule outer doublets, which is ensheathed in a ciliary membrane that is 
continuous with the plasma membrane (Fig. I-1A) (Rosenbaum and Witman, 
2002).  
Photoreceptors Have A Modified Primary Cilium 
Photoreceptor cells are sensory neurons and they have a modified type of 
primary cilia called connecting cilia (Pearring et al., 2013). The function, 
formation, and structure of the connecting cilium are the same as the primary 
cilium described above. The connecting cilium bridges the inner segment of the 
photoreceptor cell to the outer segment (Fig. I-1B). Membrane protein sorting 
and transport occur within the photoreceptor inner segment. Receptors such as 
the light detecting opsins traffic to the connecting cilium and then localize in the 
membrane of the outer segment (Pearring et al., 2013). Photoreceptor outer  
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Figure I-1: Structure of the primary cilium. 
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Figure I-1: Structure of the primary cilium. (A) A schematic of a primary cilium 
extending from the surface of a mammalian epithelial cell. The actin exclusion 
zone is the region of cytoplasm that is free of actin filaments and it is located at 
the base of the cilium. Transition fibers tether the centrosome to the cell surface 
and the microtubule axoneme extends from the basal body. The transition zone 
is located between the basal body and the more distal ciliary axoneme. Within 
this ciliary subcompartment are multiple rows of Y-shaped linker structures that 
project from the microtubule outer doublets and attach to the ciliary membrane. 
The position of the Y-linkers coincides with the beaded rows of extracellular 
membrane particles of the ciliary necklace. (B) A schematic of a photoreceptor 
cell showing the connecting cilium bridging the inner and outer segments. 
Vesicles carrying opsin receptors are trafficked to the periciliary ridge complex at 
the base of the connecting cilium in the inner segment and then the opsins 
localize in the membrane of the outer segment. 
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segments have immense demands for membrane protein transport to maintain 
its structure. In fish and frogs it is estimated that 50,000 opsin molecules need to 
be transported per minute into the cilium to maintain the organelle while as many 
as ~4300 are needed per minute in mice (Besharse and Horst, 1990; Williams, 
2002; Young, 1967). 
The Ciliary Gate 
Vesicle Docking and Fusion Sites 
Researchers propose that membrane protein receptors must pass through a 
series of structural barriers or gates to enter the cilium, one of which being a 
vesicle-docking site at the ciliary base (Reiter et al., 2012; Rosenbaum and 
Witman, 2002). Extensive electron microscopic analysis shows no evidence of 
any vesicles within the cilium implying that receptor-carrying vesicles must dock 
and fuse outside of cilia to allow the cargo to enter the organelle (Kozminski et 
al., 1995). In photoreceptors, opsin cargo vesicles dock and fuse at the grooved 
periciliary ridge complex at the base of the connecting cilium (Fig. I-1B) 
(Papermaster et al., 1985). The periciliary ridge complex is only found in 
photoreceptors and is more structurally defined in frogs than in mice (Maerker et 
al., 2008; Peters et al., 1983). It is thought that this complex is present at the 
base of all cilia (Nachury et al., 2010) and the actin exclusion zone may be the 
equivalent in primary cilia of epithelial cells. The actin filament free zone is found 
in the cytoplasm at the base of the primary cilium and it is thought to allow for 
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docking of the centrosome with the plasma membrane (Fig. I-1A) (Francis et al., 
2011). It is intriguing to speculate that this zone might also serve as a docking 
site for vesicles carrying membrane protein cargo to primary cilia on epithelial 
cells. 
Vesicle fusion and receptor entry into the cilium has parallels with 
membrane protein import into the nucleus. The nuclear pore complex is a 
selective gate that regulates protein entry through the nuclear envelope (Stewart, 
2007). Receptor carrying vesicles fuse on the nuclear envelope and then the 
cargo diffuses across the membrane in the peripheral channels around the 
nuclear pore complex to enter the nucleus (Ohba et al., 2004; Soullam and 
Worman, 1995; Wu et al., 2002; Zuleger et al., 2012). The mechanisms 
membrane proteins use for nuclear import is similar to how vesicles must fuse 
outside the cilium to allow for receptor entry into the organelle.  
Transition Fibers 
Another barrier for membrane protein entry into cilia is provided by an array of 
nine transition fibers that extend from the basal body and tether it to the cell 
surface (Fig. I-1A). The distance between each transition fiber is 60nm and this 
area is too small for the passage of cargo carrying vesicles, which have a size 
between 60-300nm (Anderson, 1972; Deretic and Papermaster, 1991; Oprins et 
al., 1993; Pearse, 1976). The structure and position of the transition fibers further 
supports the model that receptor-carrying vesicles must dock and fuse outside of 
the cilium. 
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Transition Zone 
The transition zone is also thought to act as a barrier for membrane protein 
import into cilia. This subcompartment of the cilium is located between the basal 
body and the more distal ciliary axoneme (Fig. I-1A) (Czarnecki and Shah, 2012). 
The transition zone arises from the basal body and consists of nine outer doublet 
microtubules along with a propeller array of nine transition fibers. Multiple rows of 
Y-shaped linker structures project from the microtubule outer doublets and attach 
to the ciliary membrane (Ringo, 1967). The position of the Y-linkers coincides 
with the beaded rows of membrane particles located on the extracellular ciliary 
membrane called the ciliary necklace (Gilula and Satir, 1972). The green algae 
Chlamydomonas reinhardtii has similar beaded rows of membrane particles 
circling the base of the cilium that is termed the ciliary bracelet, but this structure 
is not found in other organisms (Dutcher and O'Toole, 2016; Weiss et al., 1977). 
The termination site of the transition zone is defined by the last row of Y-linker 
structures that are proximal to the ciliary axoneme (Czarnecki and Shah, 2012). 
Loss of function Chlamydomonas reinhardtii transition zone mutants and 
knockdown of transition zone proteins in mammalian cells reduces the levels of 
specific receptors at the cilium suggesting that this ciliary subcompartment 
maintains the composition of receptors at the organelle (Awata et al., 2014; Chih 
et al., 2011; Craige et al., 2010; Garcia-Gonzalo et al., 2011). The structural 
features of the transition fibers, Y-linkers, and ciliary necklace are thought to act 
as a selective gate for receptor entry into the cilium (Czarnecki and Shah, 2012; 
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Reiter et al., 2012; Rosenbaum and Witman, 2002). However, the transition zone 
is distally located from both the vesicle docking sites at the ciliary base and the 
transition fiber attachment sites on the basal body indicating that vesicle fusion 
events happen well before the transition zone. This ciliary subcompartment may 
not be a selective gate for receptor entry, but may instead function to retain 
receptors within the cilium after delivery. The cell may have evolved the transition 
zone to compensate for the cilium not being fully enclosed by a membrane 
bilayer in order to control cilia receptor composition.  
Ciliary Targeting Sequences 
Membrane proteins use unique sorting signals for targeting to the primary cilium. 
Some of the ciliary targeting sequences (CTSs) consist of common motifs and 
these sorting signals are often associated with post-translational modifications. 
CTSs have been identified in two classes of integral membrane protein 
receptors: the cystoproteins and the G protein coupled receptors (GPCRs). 
Apical and Basolateral Membrane Protein Sorting 
The primary cilium extends from the apical cell surface of epithelial cells 
suggesting that receptor targeting to cilia is analogous to targeting to the apical 
plasma membrane. Polarized epithelial cells are asymmetric with a basolateral 
membrane adjacent to neighboring cells and an apical membrane facing the 
extracellular milieu (Stoops and Caplan, 2014). Proteins rely on unique sorting 
sequences for delivery to either the basolateral or apical plasma membranes 
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outside of the cilium. Basolateral sorting signals are found within the primary 
structure of the protein and include tyrosine or dileucine based motifs (Hunziker 
and Fumey, 1994; Matter et al., 1992; Stoops and Caplan, 2014). Apical sorting 
signals are more diverse and can be present in any domain of the protein. Apical 
targeting motifs can comprise of amino acids, lipids, or carbohydrates (Dunbar et 
al., 2000; Lisanti et al., 1989; Stoops and Caplan, 2014; Urban et al., 1987). The 
CTSs discussed below share characteristics of apical sorting signals and this 
similarity further supports receptor targeting to cilia being comparable to targeting 
to the apical plasma membrane (Table I-1). 
Cystoproteins 
Members of the cystoprotein family include polycystin-1, polycystin-2, and 
fibrocystin (Harris and Torres, 2009; Yokoyama, 2017). Mutations in these 
receptors are associated with either autosomal dominant or autosomal recessive 
polycystic kidney disease. Polycystin-1 is an integral membrane protein with a 
large extracellular N-terminus, eleven transmembrane spanning regions, and an 
intracellular C-terminus (Harris and Torres, 2009; Hughes et al., 1995). The main 
signaling function of polycystin-1 is unknown but its topology is that of a receptor 
or adhesion molecule. Polycystin-1 localizes to the basolateral and apical 
membranes including the primary cilium (Geng et al., 1996; Scheffers et al., 
2000; Yoder et al., 2002). The polycystin-1 CTS was identified by first fusing  
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Protein 
 
Class Function CTS 
(Key Residues in 
Bold) 
Reference 
Polycystin-1 
 
Cystoprotein Unknown KVHPSST (Ward et al., 
2011) 
 
Polycystin-2 
 
Cystoprotein Cation Channel MVNSSRVQPQQ
PGDA 
(Geng et al., 
2006) 
 
Fibrocystin 
 
Cystoprotein Unknown CLVCCWFKKSKT
RKIKPE 
(Follit et al., 
2010) 
 
Rhodopsin 
 
GPCR Photon 
Receptor 
SSSQVSPA (Tam et al., 
2000) 
 
SSTR3 
 
GPCR Somatostatin 
Receptor 
APSCQ + APACQ (Berbari et 
al., 2008a; 
Jin et al., 
2010) 
 
5HT6 
 
GPCR Serotonin 
Receptor 
ATAGQ (Berbari et 
al., 2008a) 
 
MCHR1 
 
GPCR Melanin-
Concentrating 
Hormone 
Receptor 
 
APASQ (Badgandi 
et al., 2017; 
Berbari et 
al., 2008a) 
Gpr161 
 
GPCR Orphan 
Receptor 
(I/V)KARK (Badgandi 
et al., 2017; 
Mukhopadh
yay et al., 
2013) 
 
Table I-1: Integral membrane protein ciliary targeting sequences. 
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the last 112 amino acids of the proteins C-terminus with the transmembrane and 
extracellular domain of the membrane protein CD16.7 (Ward et al., 2011). The 
CD16.7-polycystin-1 fusion protein localized to cilia suggesting that the C-
terminus is sufficient for ciliary trafficking. A conserved KVxP motif found in the 
CTS of polycystin-2 and rhodopsin was identified in the last 20 amino acid 
residues of the C-terminus of polycystin-1. Alanine scanning mutagenesis of the 
KVxP motif and truncation of the 20 amino acid residues prevented CD16.7-
polycystin-1 from localizing at the cilium implying that this region is necessary for 
transport to cilia. However, these polycystin-1 mutants accumulated in the 
endoplasmic reticulum inferring that their mislocalization to cilia may be due to 
protein misfolding and not a defect in trafficking. The KVxP motif of polycystin-1 
was found in the amino acid sequence KVHPSST (Ward et al., 2011). The full C-
terminal tail of membrane protein CD7 was fused to the KVHPSST sequence and 
it was found to localize at the cilium indicating that it is the CTS of polycystin-1. 
However, new evidence argues that the KVHPSST motif is not a CTS. Alanine 
scanning mutagenesis of the KVHPSST sequence in full-length polycystin-1 did 
not prevent the receptor from localizing at the cilium, which supports that the 
motif is not the polycystin-1 CTS (Su et al., 2015). This discrepancy could be 
because the many structural domains in full-length polycystin-1 are needed to 
interact with multiple proteins to traffic to cilia. Also, full-length polycysin-1 may 
traffic through a different pathway than smaller fusion proteins. To find the CTS 
of polycystin-1, truncations of the N- and C-terminus of the full-length protein 
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were made. Some of these different truncation mutants did not localize at the 
cilium indicating that polycystin-1 contains multiple CTSs (Su et al., 2015). 
Polycystin-2 is a non-selective calcium cation channel with an intracellular 
N-terminus, six transmembrane spanning regions, and an intracellular C- 
terminus (Harris and Torres, 2009; Mochizuki et al., 1996). Polycystin-2 localizes 
at both the cilium and the endoplasmic reticulum (Cai et al., 1999; Pazour et al., 
2002b; Yoder et al., 2002). Immunoprecipitation experiments show that 
polycystin-1 and polycystin-2 interact at their C-terminal ends implying that they 
may rely on one another for trafficking to the cilium (Cai et al., 1999; Qian et al., 
1997). Polycystin-1 does not localize at cilia in polycystin-2 null cells showing that 
polycystin-1 trafficking to cilia is dependent on polycystin-2 (Su et al., 2015). 
However, polycystin-2 localizes at cilia in polycystin-1 null cells suggesting that 
polycystin-2 does not require polycystin-1 for ciliary delivery (Geng et al., 2006). 
The ability of polycystin-2 to localize to the cilium independently of polycystin-1 
supports it having its own CTS. In order to find the CTS of polycystin-2, 
truncations of the full-length protein were fused to an HA-tag and amino acids 5 – 
72 were found to be required for trafficking to cilia, which implies that the sorting 
sequence is in the N-terminus (Geng et al., 2006). The first 72 amino acids of 
polycystin-2 were then fused to the N-terminus of the non-ciliary receptor 
polycystin-2-like-1 and this caused it to localize at the cilium, which supports the 
sequence as being sufficient for ciliary trafficking. Additional truncations of this 72 
amino acid region were fused to the non-ciliary transferrin receptor and a 15 
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amino acid region was sufficient to localize the receptor at the cilium. A 
conserved RVxP motif was identified in this refined sequence and alanine-
scanning mutagenesis of this motif prevented polycystin-2 from localizing at the 
cilium inferring that it is necessary for trafficking to cilia (Geng et al., 2006). Some 
of the truncation and alanine-scanning mutagenesis mutants that did not localize 
to cilia were found to accumulate in the endoplasmic reticulum. The inability of 
these mutants to localize at the cilium may not be due to a defect in trafficking 
but rather the proteins were misfolded and could not exit the endoplasmic 
reticulum.  
The structure of fibrocystin consists of a large extracellular N-terminus, a 
single transmembrane spanning region, and a short intracellular C-terminus 
(Harris and Torres, 2009; Onuchic et al., 2002; Ward et al., 2002). The function 
of fibrocystin is unknown but immunoprecipitation experiments show that it 
interacts with polycystin-2 implying that the two receptors participate in the same 
signaling pathway (Wang et al., 2007). Fibrocystin localizes at both the cilium 
and the endoplasmic reticulum (Follit et al., 2010; Menezes et al., 2004; Wang et 
al., 2004a; Ward et al., 2003; Zhang et al., 2004). Researchers reasoned that 
since all of the known CTSs are found on the intracellular side of integral 
membrane proteins and even though fibrocystin is large, the short C-terminus of 
the protein might contain the CTS (Follit et al., 2010). This idea was tested by 
generating two different constructs that comprised of the C-terminus of fibrocystin 
fused to a reporter protein and observing whether or not they localized at cilia. 
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The first construct was a fusion between the C-terminal 503 amino acid residues 
of fibrocystin that includes the proteins transmembrane domain with the 
extracellular domain of the membrane protein CD8. This construct localized at 
the cilium meaning the CTS could be in either the transmembrane domain or the 
intracellular C-terminus. A second fusion was made between the last 193 amino 
acids of fibrocystin that does not include the membrane-spanning region, to the 
C-terminus of GFP. This construct was found to localize at cilia indicating that the 
CTS is in the 193 amino acid C-terminus. Truncations of these residues were 
fused to GFP and an 18 amino acid region was identified to be sufficient for 
targeting the reporter protein to the cilium (Follit et al., 2010). However, the 
researchers could not rule out the possibility of other CTSs being located in the 
N-terminus of fibrocystin because they did not study the full-length protein. 
Sequence analysis revealed that there are no conserved motifs in the 18 amino 
acid region that are present in some other CTSs. Alanine scanning mutagenesis 
was performed on these 18 amino acids fused to GFP and residues CCC and 
KTRK were found to be critically required for localizing the reporter protein at the 
cilium (Follit et al., 2010). Cysteine residues near basic amino acid residues are 
often palmitoylated which suggests that the three cysteines in the fibrocystin CTS 
may be lipid modified (Bijlmakers and Marsh, 2003). To test this idea radioactive 
palmitate was added to mammalian cells expressing either the wildtype CTS of 
fibrocystin or a CCC mutant fused to a GFP tag and immunoprecipitation assays 
were performed. The wildtype CTS but not the mutant, incorporated the 
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radioactive palmitate which supports that the sorting signal is lipid modified. 
Because a mutation in these cysteine residues prevented the CTS from localizing 
at the cilium it is thought that the palmitate modification is required for the 
trafficking of fibrocystin to cilia. To see whether the lipid modification links the 
CTS of fibrocystin to membranes, centrifugation experiments were performed on 
membranes from cells expressing the wildtype CTS of fibrocystin or a CCC 
mutant fused to GFP. The wildtype CTS floated with the membrane fraction to 
the top of the gradient while the CCC mutant remained at the bottom implying 
that the palmitoylation of fibrocystin is required for its association with 
membranes. This experiment also shows that the CTS of fibrocystin can interact 
with membranes in the absence of its transmembrane domain. Fibrocystin may 
use the palmitate modifcation to dock to the plasma membrane before fusing and 
incorporating into the ciliary membrane. 
G Protein Coupled Receptors 
The activation of GPCRs leads to the initiation of a variety of downstream 
signaling cascades including the Hedgehog signaling and visual system 
pathways (Berbari et al., 2009). GPCRs share a similar topology that consists of 
an extracellular N-terminus, seven transmembrane spanning regions, and an 
intracellular C-terminus (McIntyre et al., 2016). Rhodopsin is a GPCR that 
concentrates in the outer segment of photoreceptors and detects light in the first 
steps of the visual transduction pathway (Burns and Arshavsky, 2005). Mutations 
in rhodopsin cause retinal degeneration such as retinitis pigmentosa and macular 
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degeneration (Dryja et al., 1990). These mutations are localized throughout the 
protein but most of them are concentrated in the C-terminus (Sandberg et al., 
1995). Transgenic animals with these mutations show delocalization of rhodopsin 
to the inner segment plasma membrane suggesting that the C-terminus contains 
the CTS (Green et al., 2000; Li et al., 1998; Sung et al., 1994). To identify the 
rhodopsin CTS, a fusion was made between the last 44 amino acids of rhodopsin 
to the C-terminus of GFP and it was expressed in transgenic frog retinas (Tam et 
al., 2000). The fusion protein localized to the outer segment meaning that the C-
terminus is sufficient for ciliary trafficking. The C-terminus of rhodopsin contains 
two palimitoylated cysteines that associate with membranes (Moench et al., 
1994). To examine whether the lipid modification is required for outer segment 
transport, the terminal 25 amino acids lacking the palimitoylated cysteines of 
rhodopsin were fused to GFP. This fusion protein localized to the cytoplasm of 
the inner segment showing that the palmitate modification and its association 
with membranes are necessary for trafficking to the cilium. Rhodopsin may 
require the lipid modification to anchor the C-terminus in an optimal orientation so 
it can associate with sorting protein machineries. The last 5 residues in rhodopsin 
contain a single proline that is mutated in some patients with retinitis pigmentosa 
(Sandberg et al., 1995). A point mutation in this proline caused partial 
mislocalization of the fusion proteins to the inner segment membranes but only 
modestly reduced the localization in the outer segment indicating that additional 
residues are needed for ciliary trafficking. The CTS was further refined by fusing 
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the last 8 amino acid residues of rhodopsin to the C-terminus of the non-ciliary 
alpha-adrenergic receptor (Tam et al., 2000). The fusion construct was found 
exclusively in the outer segment, which supports these 8 amino acid residues as 
being the CTS. However, the researchers did not study full-length rhodopsin, 
which indicates that there could be other CTSs within the protein. 
 Somatostatin and serotonin receptors are GPCRs that control a variety of 
physiological functions including endocrine signaling and neurotransmission 
(Barnes and Sharp, 1999; Lahlou et al., 2004). Somatostatin receptor (SSTR) 3 
and serotonin receptor (5HT) 6 are the only somatostatin and serotonin receptor 
subtypes that localize at cilia implying that each have their own CTS (Brailov et 
al., 2000; Hamon et al., 1999; Handel et al., 1999; Schulz et al., 2000). To find 
the CTS, different domains of SSTR3 and 5HT6 were swapped with their 
respective non-ciliary subtypes SSTR5 and 5HT7 (Berbari et al., 2008a). Five 
residues in the third intracellular loop of SSTR3 and 5HT6 were able to localize 
the chimera constructs to cilia showing that this region is necessary and sufficient 
for ciliary trafficking. Sequence analysis identified a conserved AxS/AxQ motif in 
the third intracellular loop of both SSTR3 and 5HT6. Mutations in the alanine and 
glutamine residues of this motif caused a reduction of both chimera receptors at 
the cilium, which indicates that these residues are required for ciliary localization 
(Berbari et al., 2008a). Another research group fused the third intracellular loop 
of SSTR3 to the C-terminus of the transmembrane and extracellular domain of 
the CD8 receptor (Jin et al., 2010). This fusion construct localized at the cilium 
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confirming that the third intracellular loop of SSTR3 is the CTS. However, this 
group found that the previously identified alanine and glutamine residues in the 
conserved motif were not required for the localization of the CD8-SSTR3 fusion 
construct to cilia. Instead two conserved cysteines that are adjacent to the 
glutamine are needed for CD8-SSTR3 localization at the cilium suggesting that 
other structural domains in full-length SSTR3 may be needed for ciliary delivery 
(Jin et al., 2010). The alanine and glutamine mutations made in the SSTR3/5 
chimera may have caused the protein to become misfolded and retained in the 
endoplasmic reticulum explaining why it did not localize at the cilium.  
The AxS/AxQ motif was also used to predict novel ciliary GPCRs and the 
APASQ sequence was found in the third intracellular loop of melanin-
concentrating hormone receptor-1 (MCHR1) (Berbari et al., 2008a). MCHR1 is 
involved in the regulation of feeding behavior and it localizes at the primary cilium 
(Berbari et al., 2008a; Pissios et al., 2006). Control or point-mutated versions of 
the APASQ motif were fused to the C-terminus of the transmembrane and 
extracellular domain of the CD8 receptor (Badgandi et al., 2017). The control 
fusion protein but not the mutant localized at the cilium showing that the motif is 
necessary and sufficient for targeting to cilia. Nevertheless, the researchers did 
not study full-length MCHR1 meaning there could be other CTSs in the protein 
sequence.  
 G protein coupled receptor 161 (Gpr161) is a class A rhodopsin family 
GPCR that localizes to primary cilia (Mukhopadhyay et al., 2013). It is classified 
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as an orphan receptor because its ligand is unknown and it is a negative 
regulator of the Hedgehog signaling pathway (McIntyre et al., 2016; 
Mukhopadhyay et al., 2013). The sequence of Gpr161 is most closely related to 
the non-ciliary G protein coupled receptor 101 (GPR101). However, the third 
intracellular loop and the C-terminus are the most evolutionarily divergent 
between Gpr161 and GPR101 implying that the CTS of Gpr161 might be in one 
of these regions (Mukhopadhyay et al., 2013). Deletion of a portion of the third 
intracellular loop of Gpr161 prevented its localization at cilia supporting this 
region as necessary for ciliary trafficking. Swapping of the third intracellular loops 
of GPR101 with Gpr161 resulted in the chimera trafficking to cilia, which shows 
that this region is sufficient for ciliary localization. Mutagenesis of conserved 
residues in this region refined the CTS to a five amino acid (I/V)KARK motif that 
was required for cilia delivery. However, it is possible that the deletion and 
chimera mutants may have been misfolded and retained in the endoplasmic 
reticulum inferring that the trafficking defect is indirect. This concern was 
addressed by fusing either control or point-mutated versions of the (I/V)KARK 
motif to the C-terminus of the transmembrane and extracellular domain of the 
CD8 receptor (Badgandi et al., 2017). The control fusion protein but not the 
mutant localized at the cilium showing that the motif is necessary and sufficient 
for ciliary targeting. Unfortunately, the researchers did not examine the C-
terminus of Gpr161 that was also divergent from the GPR101 sequence 
suggesting that it may have an additional CTS. The known CTSs of Gpr161, 
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SSTR3, 5HT6, and MCHR1 are all localized within the third intracellular loop, 
which may mean that these distinct GPCRs are all using the same trafficking 
pathway to cilia. 
The GPCR smoothened is a positive regulator of the Hedgehog signaling 
pathway and it localizes at cilia (Alcedo et al., 1996; Corbit et al., 2005; van den 
Heuvel and Ingham, 1996). A hydrophobic and basic amino acid motif located C-
terminal to the seventh transmembrane segment of smoothened is found in other 
ciliary GPCRs and was thought to be required for trafficking to cilia (Brailov et al., 
2000; Corbit et al., 2005; Handel et al., 1999). Missense mutations in this motif 
impaired smoothened localization at cilia but these mutations may have affected 
protein folding causing it to be retained in the endoplasmic reticulum (Corbit et 
al., 2005). Also this motif was not shown to be sufficient for targeting exogenous 
proteins to the cilium meaning the missense mutation result could be indirect. It is 
not clear whether the hydrophobic and basic amino acid motif in smoothened is a 
definitive CTS.   
Trafficking Pathways to the Cilium 
Membrane proteins are thought to use distinct cellular trafficking pathways for 
transport to cilia. Receptors are synthesized in the endoplasmic reticulum and 
then they are delivered to the Golgi apparatus for sorting before being targeted to 
their final cellular locations (Mellman and Nelson, 2008). Ciliary membrane 
proteins are proposed to utilize either the lateral, direct, or recycling trafficking 
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pathways from the Golgi complex to the cilium (Fig. I-2) (Nachury et al., 2010; 
Weisz and Rodriguez-Boulan, 2009). 
Lateral Trafficking Pathway 
In the lateral trafficking pathway, receptor-carrying vesicles traffic from the Golgi 
complex to the plasma membrane where they dock and fuse. The receptors then 
laterally diffuse across the plasma membrane and incorporate into the ciliary 
membrane. The agglutinin receptors in Chlamydomonas reinhardtii are 
postulated to use the lateral trafficking pathway for delivery to the cilium. The 
gametes of opposing Chlamydomonas reinhardtii mating types adhere to each 
other by agglutinin molecules on the surfaces of their cilia during the process of 
fertilization (Hunnicutt et al., 1990). Agglutinins localize to the plasma membrane 
outside of the cilium when they are in their basal state. Upon activation they 
accumulate in the cilium suggesting that they are trafficking from the plasma 
membrane to the ciliary membrane. To test this idea, an impotent 
Chlamydomonas mutant that can agglutinate but its gametes cannot fuse to form 
a zygote, was used to induce agglutinin localization to cilia (Hunnicutt et al., 
1990). The mutant was deciliated and the proteins at the cell surface were 
radiolabeled before allowing the cilia to regenerate. The isolated cell body and 
regenerated cilia fractions both contained a radiolabeled band that ran at the 
same molecular weight as purified agglutinin, implying that the pre-existing 
surface labeled cell body agglutinins trafficked to the new ciliary membrane.  
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Figure I-2: Membrane protein trafficking pathways from the Golgi apparatus 
to the cilium. 
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Figure I-2: Membrane protein trafficking pathways from the Golgi apparatus 
to the cilium. Membrane proteins are proposed to use distinct ciliary trafficking 
pathways. Receptors are synthesized in the endoplasmic reticulum and then they 
are delivered to the Golgi apparatus for sorting before being targeted to the 
cilium. (1) Lateral Trafficking Pathway: Receptor-carrying vesicles traffic from the 
Golgi complex to the plasma membrane where they dock and fuse. The 
receptors then laterally diffuse across the plasma membrane and incorporate into 
the ciliary membrane. (2) Direct Trafficking Pathway: Vesicles traffic from the 
Golgi directly to the base of the cilium outside of the organelle where they then 
fuse and integrate their receptor cargo into the membrane of the cilium. (3) 
Recycling Trafficking Pathway: Membrane protein carrying vesicles depart from 
the Golgi complex and are then targeted directly to the endosome recycling 
system before trafficking to the base of the cilium. Additionally, vesicles can be 
transported from the Golgi to the plasma membrane where receptors undergo 
endocytosis to the recycling endosome system and then they are delivered to the 
ciliary base. BB: basal body; ER: endoplasmic reticulum. 
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However, the researchers did not use an antibody to confirm that the 
radiolabeled band they detected was agglutinin meaning that a different protein 
may be using the lateral trafficking pathway. To address this concern, the 
agglutinin SAG1 was fused to a HA-tag and was expressed in Chlamydomonas 
reinhardtii (Cao et al., 2015). Immunofluorescence showed basal state SAG1-HA 
localized on the cell body outside the cilium and cells treated with the agglutinin 
signaling pathway activator dp-cAMP had increased levels of SAG1-HA at their 
cilia, indicating that activated SAG1-HA trafficked from the cell body plasma 
membrane to the cilium. Additional immunoblot analysis of isolated flagella 
fractions from cells treated with db-CAMP had increased levels of SAG1-HA, 
which further supports activated agglutinins traversing the plasma membrane to 
the ciliary membrane. It is possible that inactivated agglutinins are trafficked from 
the Golgi apparatus directly to the base of the cilium outside the organelle and 
then diffuse into the surrounding plasma membrane. Upon activation, the 
agglutinins at the plasma membrane may then diffuse towards the cilium and 
incorporate into the ciliary membrane. Agglutinins could also be transporting 
through the endosome system before being delivered to the cilium. 
 The Hedgehog signaling protein smoothened is also thought to use the 
lateral trafficking pathway for targeting to the cilium. Smoothened accumulates at 
cilia when the Hedgehog signaling pathway is activated but the trafficking 
pathway it is using for ciliary delivery was unknown (Corbit et al., 2005). To 
answer this question, the localization of smoothened at the cell surface was 
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examined by expressing a series of extracellular epitope tagged smoothened 
constructs in mammalian cells (Milenkovic et al., 2009). Immunofluorescence 
showed smoothened to localize at the plasma membrane outside of the cilium at 
basal state and cells treated with the Hedgehog signaling activator sonic 
hedgehog had an accumulation of smoothened at the cilium suggesting that 
Hedgehog signaling activation causes smoothened present at the plasma 
membrane to concentrate at the ciliary membrane. However, smoothened could 
still be trafficking from the cytoplasm to the cilium. A fluorescence based pulse-
chase assay was used to determine whether smoothened is trafficking to cilia 
from either the cell surface or the cytoplasm. Trafficking from the cell surface was 
observed by labeling smoothened at the plasma membrane with a fluorescent 
small molecule and then activating the Hedgehog signaling pathway. 
Smoothened accumulated at the cilium after one hour supporting a rapid 
transport from the plasma membrane to the cilium. To monitor trafficking from the 
cytoplasm, smoothened at the cell surface was masked with a non-fluorescent 
small molecule so that the delivery of smoothened from intracellular pools could 
be detected at the cilium during Hedgehog signaling activation. Intracellular 
smoothened was delivered to cilia after a lag phase which is consistent with 
delayed entry when compared to the rapid trafficking from the cell surface, 
inferring that smoothened traffics from the cytoplasm to the plasma membrane 
before delivery to the cilium. Smoothened at basal state may also be trafficking to 
the base of the cilium outside of the organelle and then diffusing into the plasma 
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membrane. When Hedgehog signaling is activated, smoothened may diffuse 
across the plasma membrane towards the cilium and then integrate into the 
ciliary membrane. Single molecule tracking of smoothened may be required to 
precisely show lateral trafficking from the plasma membrane to the cilium. It was 
also proposed that smoothened might be endocytosed at the cell surface before 
being targeted to cilia (Milenkovic et al., 2009). To perturb endocytosis, dominant 
negative forms of the GTPase dynamin that mediates endocytotic vesicle 
session, were expressed in mammalian cells. Immunofluorescence showed no 
difference in smoothened localization at the cilium in cells expressing dominant 
negative dynamin when Hedgehog signaling was activated, meaning that 
dynamin dependent endocytosis is not required for smoothened localization to 
cilia. There is no quantification of smoothened ciliary localization in this 
experiment suggesting that there may be a statistical difference that is not 
apparent by the qualitative analysis. Also, smoothened might be trafficking 
through other endomembrane organelles such as endosomes before delivery to 
the cilium. 
Direct Trafficking Pathway 
The direct trafficking pathway involves vesicles transporting from the Golgi 
apparatus directly to the base of the cilium outside of the organelle where they 
then fuse and integrate their receptor cargo into the ciliary membrane. This 
pathway was first proposed from studies on mastigoneme delivery in the green 
algae Ochromonas danica. Mastigonemes are branching membrane proteins that 
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laterally project from the surface of cilia and they are involved in propulsion of 
unicellular organisms (Bouck, 1971). Deciliation and regeneration experiments 
can be performed on Ochromonas danica allowing for the tracking of 
mastigonemes to newly forming ciliary membranes. Ochromonas danica were 
deciliated and then fixed during different stages of cilia regeneration (Bouck, 
1971). Electron microscopy detected mastigonemes on the surface of cilia and at 
the cell surface near the regenerating cilia base but not on other plasma 
membrane locations, implying that vesicles carrying mastigoneme cargo are 
fusing at the base of the cilium outside of the organelle. Mastigonemes were also 
identified on the Golgi apparatus and in cytoplasmic vesicles near the base of 
regenerating cilia suggesting that mastigonemes are trafficked directly from the 
Golgi complex to the base of cilia. It would be intriguing to express fluorescently 
tagged mastigonemes in Ochromonas danica and perform live cell imaging to 
observe trafficking to regenerating ciliary membranes in real time. This analysis 
would provide additional evidence on whether mastigonemes are trafficked from 
the Golgi to the base of the cilium outside the organelle. 
 Rhodopsin is thought to use the direct trafficking pathway for delivery to 
the connecting cilium. Observations of frog photoreceptor inner segments found 
Golgi cisternae and vesicles to be adjacent to the basal body of the connecting 
cilium inferring that rhodopsin may be trafficking from the Golgi apparatus directly 
to the base of the cilium (Besharse and Pfenninger, 1980; Kinney and Fisher, 
1978). Pulse-chase studies were performed on photoreceptors by injecting 
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radioactive amino acids into frog retinas and then harvesting the tissue at 
different time points (Papermaster et al., 1985). Autoradiography showed that 
most of the heaviest labeled structures in the inner segment cytoplasm were 
membranous vesicles and Golgi cisternae, implying that the radioactive amino 
acids incorporated into rhodopsin and it is found in these compartments. To 
confirm that the radiolabeled structures contained rhodopsin, antibodies specific 
to rhodopsin were used in parallel localization experiments (Papermaster et al., 
1985). Immunohistochemistry detected rhodopsin in the outer segment 
membrane, the periciliary ridge complex, and the Golgi apparatus but not on the 
inner segment membrane. This result infers that rhodopsin is trafficking from the 
Golgi directly to the periciliary ridge complex before integrating into the 
connecting cilium and localizing at the outer segment membrane. It would be 
interesting to perform photobleaching experiments on photoreceptors expressing 
fluorescently labeled rhodopsin in order to follow its transport through the 
endomembrane system to further confirm that it is using the direct trafficking 
pathway.   
Recycling Trafficking Pathway 
In the recycling trafficking pathway, membrane protein carrying vesicles depart 
from the Golgi complex and are then targeted directly to the endosome recycling 
system before trafficking to the base of the cilium. Additionally, vesicles can be 
transported from the Golgi to the plasma membrane where receptors undergo 
endocytosis to the recycling endosome system and then they are delivered to the 
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ciliary base. Polycystin-2 ciliary trafficking is dependent on the Biogenesis of 
lysosome-related organelles complex-1 (BLOC-1) that is involved in transporting 
receptors from endosomes, implying that polycystin-2 may be using the recycling 
trafficking pathway for delivery to cilia (Dennis et al., 2016; Monis et al., 2017; 
Sitaram et al., 2012). To perturb trafficking through recycling endosomes, a 
dominant negative myosin Vb (MyoVb) C-terminal tail motor that binds Rab11 but 
lacks motor activity was expressed in mammalian cells (Lapierre et al., 2001; 
Monis et al., 2017; Volpicelli et al., 2002). Immunofluorescence showed a 
reduction in the steady state levels of polycystin-2 at the cilium and an 
accumulation at the recycling endosome in cells expressing dominant negative 
MyoVb, suggesting that polycystin-2 cannot exit the recycling endosome for 
delivery to cilia. A pulse-chase assay that measures membrane protein trafficking 
from the Golgi apparatus to the cilium was then used to examine whether 
perturbing transport through the recycling endosome affects the delivery of 
additional receptors to cilia (Monis et al., 2017). Immunofluorescence detected a 
reduction in the trafficking of polycystin-2 but not fibrocystin or smoothened to 
cilia in cells expressing dominant negative MyoVb, which supports that 
polycystin-2 is specifically transported through recycling endosomes to the cilium. 
To further confirm that polycystin-2 is using the recycling trafficking pathway for 
ciliary delivery, dominant negative Rab11a that disrupts the recycling endosome 
system was expressed in mammalian cells (Hehnly and Doxsey, 2014; Monis et 
al., 2017; Westlake et al., 2011). Immunofluorescence found a reduction in the 
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steady-state levels of polycystin-2 at the cilium in cells expressing dominant 
negative Rab11a, which indicates that polycystin-2 is transporting through 
endosomes to cilia. However, it is unclear whether polycystin-2 is trafficked from 
the Golgi directly to endsosomes and then to the cilium or if it is endocytosed at 
the plasma membrane to the recycling endosome system before being delivered 
to cilia.  
Proteins Implicated in Ciliary Trafficking 
The protein machineries required for the sorting, transporting, tethering, and 
fusion of receptor cargo vesicles at the base of the cilium are not well 
understood. The process of intraflagellar transport (IFT) is required for cilia 
formation and maintenance, suggesting that it may be involved in membrane 
protein trafficking to the cilium. The IFT system consists of an adaptor protein 
complex made up of IFT complex A, IFT complex B, and the BBSome, and the 
molecular motors kinesin-2 and dynein-2 (Nachury et al., 2007; Rosenbaum and 
Witman, 2002). Small GTPases have also been implicated in cilia formation and 
receptor targeting to cilia. Additionally the exocyst complex and the soluble N-
ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) are 
thought to regulate the tethering and fusing of vesicles to the ciliary base. 
Furthermore, the BLOC-1 complex was recently proposed to coordinate receptor 
transport from endosomes to the primary cilium. Each of these systems will be 
discussed below in regard to their role in ciliary membrane protein trafficking.  
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IFT Complex A and B 
 
Currently twenty-two proteins are known to comprise IFT complex A and B 
(Rosenbaum and Witman, 2002). All of these IFT particle proteins, with the 
exception of IFT20, predominantly localize at the cilium and at the centrosome 
region at the ciliary base. Loss of function IFT complex A animals have cystic 
kidneys and Hedgehog signaling related developmental defects, and cells that 
are null for IFT complex A subunits form short bulgy cilia, implying that IFT 
Complex A is required for cilium formation (Fu et al., 2016; Jonassen et al., 2012; 
Liem et al., 2012; Zhu et al., 2017). Knockout or RNAi knockdown of IFT complex 
A subunits in mammalian cells reduced the localization of GPCRs, including 
smoothened and Gpr161, at the cilium showing that IFT complex A is involved in 
membrane protein trafficking to cilia (Caparros-Martin et al., 2015; Fu et al., 
2016; Hirano et al., 2017; Liem et al., 2012). However, some of these 
experiments report the percentage of receptor positive cilia and it is unclear 
whether the area of the cilium was accounted for in these measurements. Cells 
that are null for IFT complex A subunits form short cilia meaning that mutants 
have a smaller ciliary area for receptor localization compared to the controls. A 
qualitative comparison of receptor localization in control and short cilia might infer 
a defect in ciliary trafficking, while a quantitative measurement accounting for the 
area of the cilium may suggest no difference in trafficking. 
Tubby-like protein 3 (TULP3) is proposed to regulate the function of IFT 
complex A in ciliary receptor targeting. Tandem affinity purification and mass 
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spectrometry analysis found TULP3 to interact with IFT complex A and it also 
localizes at cilia, suggesting that it may have a role in cilium formation 
(Mukhopadhyay et al., 2010). RNAi knockdown of TULP3 in mammalian cells 
had no effect on cilia assembly indicating that it is not required for cilia formation 
and that it might be involved in ciliary receptor trafficking. Additional TULP3 
knockdown experiments found reduced localization of GPCRs including SSTR3 
and MCHR1, and cystoproteins such as fibrocystin and polycystin-2, at the cilium 
inferring that TULP3 is required for selective membrane protein trafficking to cilia 
(Badgandi et al., 2017; Mukhopadhyay et al., 2010). TULP3 ciliary localization is 
dependent on IFT Complex A and because it is involved in receptor trafficking, 
TULP3 was proposed to be an adaptor that delivers receptors to the ciliary base 
where it then coordinates with IFT complex A to incorporate the cargo into the 
cilium (Badgandi et al., 2017; Mukhopadhyay et al., 2010). Proximity biotinylation 
and cross linking assays demonstrated that TULP3 is in close proximity with 
multiple CTSs including that of Gpr161 and fibrocystin, which supports its 
function as an adaptor that directs receptor cargoes to the cilium.  
IFT complex B is also thought to be involved in ciliary membrane protein 
trafficking. Most IFT complex B null animal models do not form a cilium and this 
causes embryonic lethality, which shows that the majority of IFT complex B 
subunits are critically required for cilia assembly (Berbari et al., 2011; Follit et al., 
2006). Knockdown of IFT complex B subunits IFT57 or IFT172 in mammalian 
cells, to levels where there was enough protein to allow cilia to form, reduced 
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localization of the GPCR dopamine receptor-1 at the cilium and expression of 
these subunits rescued its localization, inferring that IFT complex B is required 
for dopamine receptor-1 transport to cilia (Leaf and Von Zastrow, 2015). 
Immunoprecipitation assays also found dopamine receptor-1 to interact with 
IFT57, which proposes that dopamine receptor-1 may coordinate with IFT 
complex B at the base of the cilium for entry into the organelle. The researchers 
did not examine whether IFT57 or IFT172 are required for the trafficking of other 
ciliary receptors meaning that these subunits may be involved in delivering 
additional membrane proteins to the cilium. 
IFT complex B subunits IFT25 and IFT27 have been postulated to 
regulate the export of membrane proteins from cilia. Unlike other IFT complex B 
particle proteins, IFT25 and IFT27 are both dispensable for cilium formation and 
null animals die at birth due to Hedgehog signaling related developmental 
defects (Eguether et al., 2014; Keady et al., 2012). Given the phenotype of the 
null animals, investigators examined the localization of the ciliary Hedgehog 
signaling receptors patched-1 and smoothened in mutant cells (Eguether et al., 
2014; Keady et al., 2012). Immunofluorescence of IFT25 or IFT27 null 
mammalian cells showed an accumulation of patched-1 and smoothened at cilia, 
implying that IFT25 and IFT27 are involved in removal of these receptors from 
the cilium. It would be interesting to determine whether IFT25 and IFT27 are 
required for the removal of other receptors from cilia. 
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Golgi-IFT Complex 
The IFT complex B subunit IFT20 is the only known IFT protein that localizes at 
both the cilium and the Golgi apparatus, suggesting that it plays a role in 
membrane protein trafficking to cilia (Follit et al., 2006). The pool of IFT20 at the 
Golgi is designated the Golgi-IFT complex because it is considered to be 
separate from the pool of IFT particles at the cilium. Immunofluorescence 
showed IFT20 to co-localize with markers for the –cis and –medial but not the –
trans Golgi cisternae, implying that IFT20 localizes specifically to the –cis and –
medial Golgi compartments. IFT20 may sort receptors that are transporting from 
the –cis and –medial cisternae to the –trans Golgi. Live cell imaging of IFT20 
fused to a GFP tag identified punctae movement from the Golgi complex to the 
cilium, inferring that IFT20 is marking vesicles that are trafficking between the 
two organelles and that it may function as an adaptor for ciliary receptor 
transport. However, these experiments do not demonstrate whether IFT20 is 
functionally required for ciliary membrane protein trafficking. To address this 
concern, knockdown of IFT20 in mammalian cells reduced the steady-state 
levels of the cystoprotein polycystin-2 at the cilium, which supports the 
involvement of IFT20 in polycystin-2 trafficking to cilia (Follit et al., 2006; Monis et 
al., 2017). Additional pulse-chase assays, that measure receptor trafficking from 
the Golgi complex to cilia, were performed on IFT20 knockdown cells (Monis et 
al., 2017). Immunofluorescence detected a reduction in the trafficking of 
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polycystin-2 and fibrocystin, but not smoothened to cilia demonstrating that IFT20 
regulates the delivery of specific membrane proteins to the cilium.  
 IFT20 is thought to by anchored to the Golgi complex through its 
interaction with the vesicle tethering golgin Golgi microtubule associated protein 
210 (GMAP210), which implies that GMAP210 may also be involved in ciliary 
receptor targeting (Follit et al., 2008). Immunoprecipitation and mass 
spectrometry analysis found GMAP210 to interact with IFT20 but not other IFT 
complex B subunits indicating that the interaction between IFT20 and GMAP210 
is independent of IFT complex B. Also, immunofluorescence demonstrated that 
IFT20 and GMAP210 co-localize at the Golgi apparatus, classifying GMAP210 as 
a member of the Golgi-IFT complex. Cells that are null for GMAP210 do not have 
IFT20 localized at the Golgi and expression of exogenous GMAP210 rescues 
IFT20 localization, which infers that GMAP210 anchors IFT20 to the Golgi 
cisternae. IFT20 may require GMAP210 to anchor it to Golgi membranes so that 
it can sort receptors destined for the cilium. GMAP210 tethers vesicles that are 
trafficked from the endoplasmic reticulum to the Golgi complex meaning that it 
may capture receptor-carrying vesicles en route to cilia (Drin et al., 2007; Drin et 
al., 2008; Wong and Munro, 2014). Null GMAP210 animals die after birth due to 
heart and lung defects but assemble normal length cilia suggesting that 
GMAP210 is not required for cilia formation but rather receptor targeting. To 
determine whether GMAP210 is functionally involved in ciliary membrane protein 
trafficking, immunofluorescence of GMAP210 null cells identified a reduction in 
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the steady-state levels of polycystin-2 at the cilium and expression of exogenous 
GMAP210 rescued receptor localization indicating that it is necessary for 
polycystin-2 delivery to cilia (Follit et al., 2008). Additional, pulse-chase trafficking 
assays performed on GMAP210 knockdown cells found a reduction in the 
trafficking of polycystin-2 and fibrocystin, but not smoothened to cilia 
demonstrating that GMAP210 coordinates the transport of specific receptors to 
the cilium (Monis et al., 2017). It would be exciting to identify new proteins that 
interact with GMAP210 and determine whether they have a role in ciliary receptor 
targeting.   
Since IFT20 is involved in trafficking receptors to the primary cilia of 
epithelial cells, it was proposed that it would also be required for rhodopsin 
transport to photoreceptor outer segments. Immunoprecipitation experiments 
found IFT20 to interact with the C-terminal tail of rhodopsin indicating that it might 
coordinate rhodopsin delivery to the connecting cilium (Keady et al., 2011). 
Floxed allele deletion of IFT20 in mouse photoreceptors caused degradation of 
the outer segment and rhodopsin to mislocalize implying that IFT20 is required 
for rhodopsin trafficking to outer segments (Crouse et al., 2014; Keady et al., 
2011). To discern whether rhodopsin is trafficking from the Golgi apparatus to the 
cilium, IFT20 or IFT complex A subunit IFT140 were deleted in mouse 
photoreceptors and then rhodopsin localization was examined (Crouse et al., 
2014). Interestingly, deletion of IFT20 caused rhodopsin to accumulate at the 
Golgi complex whereas deletion of IFT140 resulted in rhodopsin concentrating in 
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the inner segement plasma membrane, indicating that IFT20 is sorting rhodopsin 
at the Golgi complex for delivery to the base of the connecting cilium (Crouse et 
al., 2014; Keady et al., 2011). It would be interesting to delete GMAP210 in 
photoreceptors and see whether rhodopsin accumulates at the Golgi complex. 
This result would support a role for GMAP210 in transporting rhodopsin from the 
Golgi to outer segments. 
BBSome 	
The BBSome is part of the IFT machinery and consists of eight proteins (BBS1, 
BBS2, BBS4, BBS5, BBS7, BBS8, BBS9 and BBIP10). Some patients diagnosed 
with the ciliopathy Bardet-Biedl syndrome have mutations in these subunits with 
symptoms including obesity, kidney malformations, retinal degeneration, and 
polydactyly (Hildebrandt et al., 2011; Nachury et al., 2007). The BBSome 
localizes at the cilium but it is dispensable for cilia formation, suggesting that it 
may coordinate ciliary receptor targeting (Berbari et al., 2008b; Nachury et al., 
2007). Electron microscopy analysis identified the BBSome to cover the surfaces 
of liposomes in vitro implying that it may be a vesicle coat structure but it did not 
have the ability to deform membranes, which is a characteristic of a protein coat 
(Jin et al., 2010). The current consensus is that the BBSome is not a vesicular 
protein coat but rather an adaptor complex that regulates ciliary trafficking 
(Eguether et al., 2014; Lechtreck et al., 2009). Immunoprecipitation experiments 
found BBSome subunits to interact with the CTS of SSTR3, which supports its 
function as an adaptor involved in ciliary membrane protein trafficking (Jin et al., 
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2010). Knockout of BBSome subunits BBS2 or BBS4 in neurons reduced the 
localization of the GPCRs SSTR3 and MCHR1 at cilia and expression of these 
subunits rescued receptor localization at the cilium, suggesting that BBSome is 
necessary for the trafficking of SSTR3 and MCHR1 to cilia (Berbari et al., 2008b). 
However, the hypothesis that the BBSome is necessary for trafficking 
receptors to cilia has been called into question by recent findings that support the 
involvement of the BBSome in the removal of membrane protein receptors from 
the cilium. Live cell imaging of BBS2 or BBS4 knockdown cells showed an 
accumulation of GPCRs including SSTR3 at cilia and subsequent ectocytosis 
from the ciliary tip, supporting that membrane proteins that are not retrieved from 
cilia are released into ectosomes and explains why previous studies observed an 
apparent reduction in receptors at the cilium in BBSome mutants (Nager et al., 
2017). In addition other researchers found that knockout of BBSome subunits in 
mammalian cells show an accumulation of GPCRs including smoothened and 
dopamine receptor-1 at the cilium, which further supports the role of the BBSome 
in ciliary receptor retrieval (Domire et al., 2011; Eguether et al., 2014; Seo et al., 
2011). The function of the BBSome in ciliary receptor export has been observed 
in additional model systems as well. The Chlamydomonas reinhardtii BBS4 
mutant accumulates the membrane protein phospholipase D at their cilia and 
expression of the wild type subunit reduced the levels of the receptor at the 
cilium suggesting that the BBSome is required for the export of phospholipase D 
from cilia (Lechtreck et al., 2013; Lechtreck et al., 2009). Caenorhabditis elegans 
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BBSome mutants accumulate the cystoprotein polycystin-2 at cilia (Xu et al., 
2015). This evidence supports that the function of the BBSome in ciliary receptor 
removal is evolutionarily conserved. It is thought that BBSome coordinates with 
the IFT particle for the retrograde removal of receptors from cilia and it may work 
with the rest of the IFT particle in removing specific membrane proteins from the 
tips of cilia by the process of ectocytosis as an alternative to retrograde export 
(Eguether et al., 2014; Lechtreck et al., 2009; Nager et al., 2017).  
Molecular Motors 	
Kinesin-2 and dynein-2 motors transport the IFT particle along the ciliary 
axoneme, but not much information is known about the molecular motors that 
deliver receptor carrying vesicles to cilia (Rosenbaum and Witman, 2002). 
Intracellular transport relies upon molecular motor proteins that carry vesicular 
cargo directionally along cytoskeleton tracks, with myosins on actin and kinesins 
and dyneins on microtubules (Hartman and Spudich, 2012; Vale, 2003). The 
molecular motor kinesin family member 17 (KIF17) transports vesicles carrying 
non-ciliary receptors in vertebrate neurons and it also localizes at cilia but it is 
dispensable for vertebrate cilia formation, indicating that KIF17 may be involved 
in ciliary receptor trafficking (Setou et al., 2000; Signor et al., 1999; Zhao et al., 
2012). Expression of dominant negative KIF17 in mammalian cells showed a 
reduction in the localization of receptors including dopamine receptor-1 at cilia, 
implying that KIF17 is transporting vesicles containing receptor cargo to the 
cilium (Jenkins et al., 2006; Leaf and Von Zastrow, 2015). However, 
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overexpression of dominant negative KIF17 may have an indirect effect on 
intracellular protein trafficking. Knockout or knockdown of KIF17 will show 
whether the motor is involved in ciliary receptor targeting and subsequent rescue 
experiments will support KIF17 as being necessary for membrane protein 
trafficking to cilia.  
 The molecular motor myosin VI is thought to be involved in removing 
membrane protein receptors from the tips of cilia through the process of 
ectosome shedding (Nager et al., 2017). Ciliary proteomic profiling of cells that 
are defective in exporting receptors from cilia identified the actin regulator myosin 
VI suggesting that it may be involved in removing membrane proteins from the 
cilium (Mick et al., 2015). Live cell imaging of myosin VI knockdown cells showed 
a reduction in the ectocytosis of vesicles containing the GPCR neuropeptide Y 
receptor 2 from the tips of cilia, indicating that myosin VI regulates the export of 
membrane proteins from the cilium. Ciliary membrane shedding has also been 
documented in photoreceptors, Caenorhabditis elegans, and Chlamydomonas 
reinhardtii implying that the process is conserved but it is not known whether this 
function is for turning over ciliary receptors or if it is a form of extracellular 
signaling (Besharse et al., 1977; Nager et al., 2017; Wang et al., 2014; Wood et 
al., 2013). 
Small GTPases 
Small G proteins regulate receptor transport through the cellular secretory 
pathway and are proposed to coordinate the delivery of membrane proteins to 
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cilia. Small G proteins are GTPases that cycle between GTP and GDP bound 
states, the GTP bound catalytically active state binds effector proteins and the 
GDP bound or nucleotide free form is the inactive state (Gillingham and Munro, 
2007). Members of the Arf, Arl, and Rab subfamilies of the Ras superfamily of 
small G proteins have been implicated in ciliary receptor trafficking. 
Arf Small GTPases 
Functions of Arf small GTPases include the recruitment of coat proteins to assist 
in sorting vesicle cargo, recruiting and activating trafficking enzymes, and 
interacting with the cellular cytoskeleton (D'Souza-Schorey and Chavrier, 2006; 
Donaldson and Jackson, 2011). Arf4 has been suggested to play an essential 
role in membrane protein trafficking to cilia but this function has been recently 
called into question. Arf4 localizes at the Golgi apparatus and 
immunoprecipitation assays found Arf4 to interact with the GPCR rhodopsin, 
implying that it may coordinate the delivery of rhodopsin from the Golgi complex 
to photoreceptor outer segments (D'Souza-Schorey and Chavrier, 2006; 
Donaldson and Jackson, 2011; Mazelova et al., 2009a). Antibody perturbation of 
Arf4 in Golgi budding in vitro assays identified a reduction in the formation of 
rhodopsin transport carriers, indicating that Arf4 regulates the budding of vesicles 
carrying rhodopsin cargo at Golgi cisternae (Deretic et al., 2005; Mazelova et al., 
2009a). The researchers then examined Arf4 in vivo by expressing dominant 
negative Arf4 in frog photoreceptors, which resulted in retinal degeneration and 
rhodopsin mislocalization further supporting the model that Arf4 regulates 
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rhodopsin transport to outer segments (Mazelova et al., 2009a). Nonetheless, 
overexpression of dominant negative Arf4 may have compromised the integrity of 
the Golgi apparatus causing the retinal degeneration and rhodopsin 
mislocalization result to be indirect. 
 Arf4 was also proposed to regulate the trafficking of the cystoproteins 
polycystin-1 and fibrocystin to cilia. Immunoprecipitation assays identified Arf4 to 
interact with polycystin-1 and knockdown of Arf4 in mammalian cells reduced the 
localization of polycystin-1 at the cilium, indicating that Arf4 is involved in the 
transport of this receptor to cilia (Ward et al., 2011). Arf4 was also found to 
interact with fibrocystin and pulse-chase trafficking assays performed on Arf4 
knockdown cells showed a delay in fibrocystin trafficking to cilia, inferring that 
Arf4 is not critically required for the ciliary targeting of fibrocystin (Follit et al., 
2014). The delay in fibrocystin delivery to the cilium may be due to a general 
cellular trafficking defect that is not specific to cilia. 
If Arf4 plays a role in the trafficking of rhodopsin, polycystin-1, and 
fibrocystin to cilia, than loss of Arf4 in vivo would result in a retinal degeneration 
and a cystic kidney phenotype. To address this question, an Arf4 floxed mouse 
was generated because Arf4 null mice are embryonic lethal (Follit et al., 2014; 
Pearring et al., 2017). Deletion of Arf4 in photoreceptors did not cause retinal 
degeneration and rhodopsin was not mislocalized, supporting that Arf4 is not 
required for rhodopsin transport to outer segments. Deletion of Arf4 in the kidney 
did not result in cyst formation and cilia assembly was unaffected, implying that 
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fibrocystin and polycystin-1 delivery to cilia is Arf4 independent (Pearring et al., 
2017). Interestingly, loss of Arf4 in the pancreas causes non-cilia related 
exocrine pancreas degeneration (Pearring et al., 2017). The in vivo mouse model 
demonstrates that Arf4 is not required for membrane protein trafficking to cilia but 
it is involved in endomembrane trafficking in the pancreas. 
Arl Small GTPases 
Arl small GTPases are structurally similar to Arfs but play a broader role in 
protein trafficking, and the Arls that are involved in ciliary trafficking include 
Arl13b, Arl3, and Arl6 (D'Souza-Schorey and Chavrier, 2006; Donaldson and 
Jackson, 2011). Arl13b is a palmitoylated peripheral membrane protein that 
localizes at cilia and some patients diagnosed with the ciliopathy Joubert 
syndrome have mutations in Arl13b with symptoms including hindbrain 
abnormalities (Cantagrel et al., 2008; Cevik et al., 2010; Duldulao et al., 2009; 
Sun et al., 2004). Loss of function Arl13b animals have Hedgehog signaling 
related developmental defects, cystic kidneys, and short cilia indicating that 
Arl13b is required for formation of the cilium (Caspary et al., 2007; Seixas et al., 
2016). A Caenorhabditis elegan Arl13b mutant was found to accumulate 
polycystin-2 at its cilia, which suggests that Arl13b may be involved in receptor 
export from the cilium (Cevik et al., 2010). However, this mutant is not a null but 
rather it contains an in frame deletion that encodes a truncated form of Arl13b 
with an intact GTPase domain, meaning it is not clear whether the accumulation 
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of polycystin-2 at the cilium is a direct affect of the Arl13b mutation (Cevik et al., 
2010; Li et al., 2010).  
Arl3 localizes at cilia and loss of function Arl3 animals have a pleiotropic 
phenotype consisting of cysts in the kidney, liver, and pancreas and 
photoreceptor degeneration, inferring that it is required for ciliary formation 
(Cuvillier et al., 2000; Grayson et al., 2002; Hanke-Gogokhia et al., 2016; Schrick 
et al., 2006; Zhou et al., 2006). Immunohistochemistry of Arl3 null mouse 
photoreceptors identified mislocalization of rhodopsin, which indicates that Arl3 is 
required for rhodopsin trafficking to outer segments (Schrick et al., 2006). 
Nevertheless, floxed deletions of Arl3 in mouse photoreceptors found no defect 
in the localization of rhodopsin to outer segments suggesting that rhodopsin 
transport is Arl3 independent (Hanke-Gogokhia et al., 2016). The discrepancy in 
rhodopsin localization may be because Arl3 was not completely deleted in the 
floxed photoreceptors.  
It is also thought that Arl3 is required for trafficking the cystoproteins 
polycystin-1 and polycystin-2 to cilia. Immunoprecipiration assays showed Arl3 to 
interact with polycystin-1 and knockdown of Arl3 in mammalian cells identified a 
reduction in the localization of polycystin-1 and polycystin-2 at the cilium, 
proposing that Arl3 coordinates the trafficking of these receptors to cilia (Kim et 
al., 2014). Some of the proteins that control the enzymatic activity of Arl3 were 
recently identified and they may direct ciliary protein trafficking. Crystallography 
and biochemical analysis demonstrated that the membrane-associated protein 
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retinitis pigmentosa 2 is the GTPase-activating protein for Arl3 and Arl13b is the 
guanine nucleotide exchange factor (Gotthardt et al., 2015; Veltel et al., 2008). 
Retinitis pigmentosa 2 also localizes at cilia and it is intriguing to speculate that it 
may work with Arl13b to regulate Arl3 activity in transporting rhodopsin, 
polycystin-1, and polycystin-2 to cilia (Evans et al., 2010; Hurd et al., 2011). 
The BBSome is the major effector of Arl6 and this small GTPase recruits 
this complex to lipid membranes for entry into the cilium (Jin et al., 2010). Some 
patients diagnosed with Bardet-Biedl syndrome have mutations in Arl6 and it also 
localizes at the cilium but it is not required for cilium formation, indicating that it 
may have a potential role in ciliary protein trafficking (Jin et al., 2010; Khan et al., 
2013; Nachury et al., 2007; Zhang et al., 2011). Expression of dominant negative 
Arl6 in mammalian cells reduced the localization of polycystin-1 at cilia 
supporting the involvement of Arl6 in targeting polycystin-1 to cilia (Su et al., 
2014). However, overexpression of dominant negative Arl6 may have an indirect 
effect on intracellular protein trafficking. Knockout or knockdown of Arl6 will show 
whether the small GTPase is regulating the delivery of receptors to the cilium and 
subsequent rescue experiments will support Arl6 as being necessary for ciliary 
membrane protein transport.  
Arl6 has also been implicated in the removal of receptors from cilia. 
Immunofluorescence of Arl6 null mammalian cells show an accumulation of 
GPCRs including smoothened and SSTR3 at their cilia, implying that Arl6 
coordinates the retrograde export of membrane proteins from the cilium 
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(Eguether et al., 2014; Liew et al., 2014; Nager et al., 2017; Zhang et al., 2011). 
Additional live cell imaging of Arl6 null mammalian cells identified an increase in 
the release of ecotosomes carrying SSTR3 from the tips of cilia suggesting that 
specific receptors are ectocytosed from cilia tips when ciliary retrograde removal 
is compromised (Nager et al., 2017). SSTR3 may be ectocytosed as a means of 
receptor disposal or it might be used in extracellular signaling. 
Rab Small GTPases 
Rab small GTPases regulate membrane compartment identity and control 
different stages of cellular trafficking such as vesicle formation, transport, and 
tethering; the Rabs that are involved in ciliary trafficking include Rab8, Rab23, 
and Rab29 (Stenmark, 2009; Zerial and McBride, 2001). Rab8 localizes at the 
cilium but Rab8 null animals do not have any visible ciliopathies such as cystic 
kidneys or retinal degeneration, and they form normal length cilia implying that it 
is not required for cilium assembly (Nachury et al., 2007; Sato et al., 2014; Sato 
et al., 2007; Yoshimura et al., 2007). Nonetheless Rab8 is proposed to regulate 
rhodopsin transport to photoreceptor outer segments. Sucrose density gradients 
performed on frog retinal homogenates detected Rab8 in the Golgi membrane 
fraction inferring that it may bind to rhodopsin carrying post Golgi vesicles 
(Deretic et al., 1995). Additionally, frogs expressing dominant negative Rab8 had 
retinal degeneration and an accumulation of rhodopsin adjacent to the periciliary 
ridge complex at the base of the connecting cilium supporting Rab8 in 
transporting rhodopsin from the Golgi complex to outer segments (Moritz et al., 
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2001). However, the retinal degeneration and the rhodopsin mislocalization 
phenotypes may be an indirect effect of the overexpression of dominant negative 
Rab8. 
Rab8 is also thought to control the transport of fibrocystin to cilia. 
Immunoprecipitation assays found Rab8 to interact with fibrocystin and 
expression of dominant negative Rab8 in mammalian cells reduced the steady 
state levels of fibrocystin at the cilium, indicating that Rab8 regulates fibrocystin 
ciliary trafficking (Follit et al., 2010). It is possible that the fibrocystin localization 
result is not direct because overexpression of dominant negative Rab8 may have 
off target effects. Rab8 knockdown and rescue experiments would identify 
whether it is necessary for delivering fibrocystin to the cilium. 
Rab8 is part of a small G protein cascade that involves Rab11 recruiting 
the GTPase Rabin8 to the base of cilium to activate Rab8 and it is postulated 
that this pathway regulates ciliary protein trafficking (Lu et al., 2015; Nachury et 
al., 2007; Westlake et al., 2011). The proteins in this cascade interact with 
subunits of the transport protein particle II vesicle tethering complex that localizes 
at the base of cilia, indicating they may work together to coordinate ciliary 
receptor targeting (Schou et al., 2014; Westlake et al., 2011).  
  Rab23 is a negative regulator of Hedgehog signaling and some patients 
diagnosed with the ciliopathy Carpenter syndrome have mutations in Rab23 with 
symptoms including polydactyly (Alessandri et al., 2010; Eggenschwiler et al., 
2006; Eggenschwiler et al., 2001; Jenkins et al., 2007). Loss of function Rab23 
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animals have an open neural tube phenotype suggesting that Rab23 plays a role 
in determining neural cell fate (Eggenschwiler et al., 2001). The Hedgehog 
signaling related developmental defects in patients and animals implies that 
Rab23 may be required for the trafficking of Hedgehog signaling receptors to 
cilia. Fluorescence recovery after photobleaching experiments performed on 
Rab23 knockdown or dominant negative Rab23 expressing mammalian cells 
identified faster recovery kinetics of smoothened at the cilium indicating that 
Rab23 regulates smoothened ciliary delivery but it is unclear why perturbing 
Rab23 would cause an increase in trafficking to the cilium (Boehlke et al., 2010). 
It is possible that Rab23 acts as a suppressor for smoothened entry into the 
cilium, which may be one of its functions as a negative regulator of Hedgehog 
signaling. Rab23 is also involved in the delivery of other GPCRs to the cilium. 
Knockdown of Rab23 in mammalian cells showed a reduction in the localization 
of dopamine receptor-1 and SSTR3 at cilia supporting Rab23 as being required 
for the ciliary transport of these receptors (Leaf and Von Zastrow, 2015).  
The localization of Rab23 at cilia is debated and this discrepancy could be 
due to how fluorescent or epitope tags were fused onto the protein (Boehlke et 
al., 2010; Leaf and Von Zastrow, 2015; Yoshimura et al., 2007). Rabs associate 
with membranes through the use of lipidated cysteines located at the end of their 
C-terminus, meaning that a tag fused to this region may hinder the Rabs 
interactions with membranes and cause it not to localize at the cilium (Stenmark 
and Olkkonen, 2001). 
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Rab29 localizes at the base of cilia and it is required for cilia formation, 
indicating that Rab29 is involved in ciliary protein transport (Onnis et al., 2015). 
Immunoprecipitation assays found Rab29 to interact with IFT20 and knockdown 
of Rab29 in mammalian cells showed a reduction in the localization of 
smoothened at the cilium, which implies that it is required for smoothened 
delivery to cilia (Onnis et al., 2015). Rab29 may not be coordinating with IFT20 
for smoothened ciliary targeting because smoothened transport to cilia is IFT20 
independent (Monis et al., 2017). However, Rab29 and IFT20 may function 
together to traffic other receptors to the cilium.   
Exocyst 
The exocyst is a multi-subunit complex that tethers vesicles to membrane target 
sites prior to membrane fusion and it consists of eight protein subunits 
(Sec3/Exoc1, Sec5/Exoc2, Sec6/Exoc3, Sec8/Exoc4, Sec10/Exoc5, 
Sec15/Exoc6, Exo70/Exoc7, and Exo84/Exoc8) that are conserved from yeast to 
mammals (Heider et al., 2016; Heider and Munson, 2012; Kee et al., 1997; Luo 
et al., 2014; TerBush et al., 1996). A patient diagnosed with the ciliopathy 
Joubert syndrome has a mutation in exocyst subunit Exo84/Exoc8 and loss of 
function exocyst animals have a pleiotropic phenotype including cystic kidneys, 
retinal degeneration, and short cilia implying the exocyst plays a role in ciliary 
protein targeting (Dixon-Salazar et al., 2012; Fogelgren et al., 2015; Friedrich et 
al., 1997; Lobo et al., 2017; Seixas et al., 2016). Immunofluorescence of 
mammalian polarized epithelial cells found exocyst components along the sites 
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of secretion on the lateral membrane and at the ciliary base on the apical 
membrane and subunits of the exocyst are located at the base of the connecting 
cilium in photoreceptors suggesting that the complex tethers receptor carrying 
vesicles to the base of cilia (Grindstaff et al., 1998; Mazelova et al., 2009b; Monis 
et al., 2017; Rogers et al., 2004; Seixas et al., 2016; Zuo et al., 2009). Electron 
microscopy and immunofluorescence detected some exocyst subunits in the 
cilium but it is likely that these components are independent of the complete 
complex because there are no membrane bound vesicles in cilia, which means 
that exocyst mediated vesicle tethering must occur outside of the organelle 
(Fogelgren et al., 2011; Seixas et al., 2016; Zuo et al., 2009).  
The exocyst is proposed to regulate the transport of specific receptors to 
cilia. Deletion of the exocyst subunit Sec10/Exoc5 in either zebra fish or mouse 
photoreceptors showed rhodopsin mislocalization implying that the exocyst is 
required for rhodopsin trafficking to outer segements (Lobo et al., 2017). 
Immunoprecipitation assays using mammalian epithelial cell lysates found 
subunits of the exocyst to interact with IFT20 and polycystin-2 which indicates 
that the exocyst may work with IFT20 at the ciliary base to deliver polycystin-2 to 
cilia (Fogelgren et al., 2011; Monis et al., 2017; Seixas et al., 2016). Additional, 
pulse-chase trafficking assays performed on Exo70/Exoc7 or Sec8/Exoc4 
knockdown cells identified a reduction in the trafficking of polycystin-2 and 
fibrocystin, but not smoothened to cilia demonstrating that exocyst coordinates 
the transport of specific receptors to the cilium (Monis et al., 2017). It would be 
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exciting to find other receptors that are dependent on the exocyst for ciliary 
receptor targeting.  
SNAREs 	
After a membrane vesicle is tethered to a membrane target site, the SNARE 
proteins then initiate and regulate the fusion between these two compartments. 
SNAREs are localized on both vesicle and target membranes and the SNARE 
proteins on the opposing membranes fuse to form a four-helix bundle that 
positions the membranes in close proximity to initiate the merger (Jahn and 
Scheller, 2006). The SNARE four-helix bundle is then dissolved by N-
ethylmaleimide-sensitive factors (NSFs) allowing for the SNAREs to be recycled 
for continued fusion events (Jahn and Scheller, 2006). SNARE proteins have 
been extensively studied in cellular trafficking processes but little information is 
known about the SNAREs involved in ciliary protein trafficking. 
Immunohistochemistry of frog photoreceptors found the SNAREs syntaxin-3 and 
soluble NSF attachment protein (SNAP)-25 to localize at the base of the 
connecting cilium adjacent to the periciliary ridge complex implying that these 
SNAREs may regulate the fusion of receptor carrying vesicles at cilia (Mazelova 
et al., 2009a). Additionally, structured illumination microscopy of mammalian cells 
identified SNAP-29 at the ciliary base and knockdown of this SNARE reduced 
cilia assembly indicating that it is required for cilium formation probably by 
regulating membrane fusion events at the base of cilia (Lu et al., 2015). The only 
SNARE that is known to be involved in ciliary receptor transport is vesicle-
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associated membrane protein (VAMP)-3. Knockdown of VAMP-3 in mammalian 
cells formed short cilia and caused a reduction in the localization of smoothened 
at the cilium, which supports VAMP-3 as being a regulator of smoothened ciliary 
delivery (Finetti et al., 2015). It is not known whether VAMP-3 localizes at the 
base of cilia. Smoothened may be coordinating with VAMP-3 during fusion 
events at the plasma membrane instead of the ciliary base because it is thought 
to use the lateral trafficking pathway.  
BLOC-1 	
BLOC-1 regulates protein transport from endosomes to lysosome-related 
organelles such as platelet-dense granules and melanosomes, and this complex 
consists of eight protein subunits (pallidin, dysbindin, muted, snapin, cappuccino, 
BLOS1, BLOS2, and BLOS3) (Ciciotte et al., 2003; Delevoye et al., 2016; Dennis 
et al., 2016; Falcon-Perez et al., 2002; Li et al., 2003; Moriyama and Bonifacino, 
2002; Mullin et al., 2011; Sitaram et al., 2012; Starcevic and Dell'Angelica, 2004). 
Some patients diagnosed with Hermansky-Pudlak syndrome have mutations in 
these BLOC-1 subunits with symptoms including severe hypopigmentation and 
platelet aggregation defects (Morgan et al., 2006). Additionally, the BLOC-1 
subunit dysbindin is a schizophrenia susceptibility gene and this complex is 
involved in membrane protein targeting to synaptic vesicles, trafficking dopamine 
receptors to the cell surface, and dopamine and glutamate release (Hartwig et 
al., 2017; Iizuka et al., 2007; Ji et al., 2009; Kumamoto et al., 2006; Larimore et 
al., 2011; Marley and von Zastrow, 2010a; Newell-Litwa et al., 2009; Numakawa 
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et al., 2004). BLOC-1 also coordinates membrane protein delivery to primary 
cilia. Immunofluorescence identified pallidin and BLOS2 to localize at the 
centrosome region at the base of the cilium and knockdown of dysbindin in 
mammalian cells caused a reduction in cilia assembly indicating that BLOC-1 is 
required for cilia formation (Monis et al., 2017; Wang et al., 2004b). 
Immunoprecipitation assays found BLOC-1 subunits to interact with IFT20, the 
exocyst, and polycystin-2 suggesting that this complex may work with IFT20 and 
the exocyst in trafficking polycystin-2 to cilia (Gokhale et al., 2012; Monis et al., 
2017). To address this question, pulse-chase trafficking assays were performed 
on either pallidin or dysbindin knockdown mammalian cells and demonstrated a 
reduction in the trafficking of polycystin-2 but not fibrocystin or smoothened to 
cilia, which supports the involvement of BLOC-1 in polycystin-2 ciliary targeting 
(Monis et al., 2017). This model was further supported by the finding that BLOC-
1 loss of function animals have cystic kidneys and short cilia (Monis et al., 2017). 
It would be intriguing to identify other ciliary receptors that are dependent on 
BLOC-1 for their transport to cilia.  
Conclusion 
Primary cilia perceive the extracellular environment through the utilization of 
membrane protein receptors that localize to the ciliary membrane and how these 
receptors are delivered to the cilium is only beginning to be understood. More 
detailed experimentation is required to elucidate the function of the selective 
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gating at the cilium, the receptor targeting sequences and trafficking pathways, 
and the protein machineries that are involved in ciliary receptor transport.  
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Chapter II : BLOC-1 is required for selective membrane protein trafficking 
from endosomes to primary cilia 	
Introduction 
Many vertebrate cells possess a single nonmotile primary cilium that extends 
from the cell surface. These cilia perceive the extracellular environment by 
localizing specific receptors to the ciliary membrane. To date, more than 25 
different receptors have been found to be ciliary localized (Hilgendorf et al., 
2016). These include the important cystoproteins polycystin-1, polycystin-2, and 
fibrocystin, which are defective in polycystic kidney disease (PKD) and the 
hedgehog receptors patched-1 and smoothened (Corbit et al., 2005; Follit et al., 
2010; Harris and Torres, 2009; Pazour et al., 2002b; Rohatgi et al., 2007; Yoder 
et al., 2002). Heritable mutations in genes that encode proteins essential for the 
structure or function of primary cilia cause a broad class of human diseases 
called the ciliopathies (Sattar and Gleeson, 2011). The ciliopathies include a wide 
variety of developmental and degenerative diseases that reflect the important 
and diverse roles that cilia play in organ development and tissue homeostasis. 
 Cilia have no protein synthesis capability, and thus all components are 
synthesized in the cytoplasm and trafficked into the organelle (Nachury et al., 
2010). Nonmembrane proteins are thought to be transported from a pool at the 
base of the cilium into the cilium by intraflagellar transport (IFT). The IFT system 
consists of kinesin-2 and dynein-2 motors, and a large adaptor complex made up 
of IFT complex A, IFT complex B, and the BBSome (Nachury et al., 2007; 
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Rosenbaum and Witman, 2002). The involvement of IFT in the trafficking of 
membrane proteins has not been fully addressed. 
The IFT complex B subunit IFT20 is localized at both the primary cilium 
and the Golgi apparatus, where it is in a complex with the golgin protein 
GMAP210 (Follit et al., 2008; Follit et al., 2006). Finding IFT20 at the Golgi 
complex suggested that IFT20 might be involved in trafficking of membrane 
proteins from the Golgi apparatus to the primary cilium. Complete loss of IFT20 
blocked ciliary assembly precluding analysis of membrane protein trafficking to 
the organelle. However, cells with a partial loss of IFT20 (which could still ciliate) 
had reduced ciliary polycystin-2, consistent with a role for IFT20 in transport of 
this membrane protein (Follit et al., 2006). The golgin GMAP210, which anchors 
IFT20 to the Golgi membrane, is not required for ciliary assembly, but cells 
lacking it have reduced ciliary polycystin-2 suggesting that the Golgi pool of 
IFT20 is important for sorting ciliary membrane proteins (Follit et al., 2008). 
Photoreceptor outer segments, which are cilia, have very high demands for 
membrane protein transport to maintain the structure. In mouse it is estimated 
that ~4300 opsin molecules need to be transported per minute into the cilium to 
maintain the organelle while as many as 50,000 are needed per minute in fish 
and frogs (Besharse and Horst, 1990; Williams, 2002; Young, 1967). Loss of 
IFT20 or other IFT proteins leads to opsin mislocalization and photoreceptor 
degeneration (Crouse et al., 2014; Keady et al., 2011). Interestingly, acute 
deletion of IFT20 causes opsin accumulation at the Golgi complex, whereas 
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acute deletion of IFT140 causes opsin accumulation in the inner segment plasma 
membrane (Crouse et al., 2014; Keady et al., 2011). These data are consistent 
with a model in which IFT20 is important for sorting or trafficking of membrane 
proteins from the Golgi apparatus to the base of the cilium, where they engage 
the rest of the IFT system (Follit et al., 2006). 
It is not clear that all membrane proteins are trafficked to the cilium by the 
same route. Early work on opsin transport in frogs and mastigoneme transport in 
Ochromonas danica suggested that these proteins traffic in vesicles directly from 
the Golgi apparatus to the base of the cilium, where the vesicles dock to the 
plasma membrane just outside of the cilium before the proteins are transported 
into the organelle (Bouck, 1971; Deretic et al., 1995; Papermaster et al., 1985). 
More recent work on smoothened transport suggests that this protein is trafficked 
to the plasma membrane and laterally moves into the cilium (Milenkovic et al., 
2009). Agglutinin transport in Chlamydomonas reinhardtii uses a similar 
mechanism (Cao et al., 2015; Hunnicutt et al., 1990). A third pathway where 
proteins are first transported to the plasma membrane followed by endocytosis 
and delivery to the base of the cilium by the recycling pathway has been 
proposed, but no proteins are known to take this route (Nachury et al., 2010; 
Weisz and Rodriguez-Boulan, 2009). 
The finding of opsin transport defects when IFT20 is perturbed suggests a 
role for IFT20-GMAP210 in the direct trafficking pathway from the Golgi complex 
to the base of the cilium. However, the role of IFT20 in trafficking additional 
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membrane proteins from the Golgi complex and/or through other organelles has 
not been tested. To assess their importance in trafficking of ciliary membrane 
proteins, we use a fluorescence-based pulse-chase assay to measure the 
dynamics of smoothened, polycystin-2 and fibrocystin delivery to the cilium after 
perturbing the IFT20-GMAP210 complex. We find that this complex is important 
for fibrocystin and polycystin-2 trafficking but has a minimal role in smoothened 
delivery. 
To understand how IFT20 functions to traffic membrane proteins to cilia, we 
examined interactome data (Rual et al., 2005; Wang et al., 2011) and found 
connections between IFT20 and the exocyst and the biogenesis of lysosome-
related organelles complex-1 (BLOC-1). Using our fluorescence-based pulse-
chase assay, we find minimal roles for these complexes in smoothened 
transport, while the exocyst is important for both fibrocystin and polycystin-2 
delivery. Interestingly, BLOC-1 is required only for the delivery of polycystin-2. 
Consistent with this, we find that loss of function BLOC-1 mouse models have a 
mild cystic kidney phenotype. Given the role of BLOC-1 in recycling endosome 
trafficking, we used a dominant negative MyoVb construct to perturb trafficking 
through the recycling endosome (Lapierre et al., 2001; Volpicelli et al., 2002). 
The construct blocks polycystin-2 trafficking to cilia but does not affect fibrocystin 
or smoothened delivery to cilia. Polycystin-2 trafficking is also perturbed by 
expression of a Rab11a dominant-negative mutation that disrupts the recycling 
endosome. Our studies uncover a new endosomal BLOC-1-dependent pathway 
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for delivery of membrane proteins to cilia and demonstrate that membrane 
proteins use different routes for delivery to the primary cilium. 
Results 
Fibrocystin and polycystin-2 are dependent on IFT20 and GMAP210 for 
ciliary trafficking, while smoothened delivery to cilia is largely independent 
of this complex. 	
We previously showed that IFT20 and GMAP210 are important for localization of 
polycystin-2 to cilia but their involvement in trafficking of other ciliary membrane 
proteins is not known. To extend our understanding of IFT20-GMAP210 in ciliary 
trafficking, we used a pulse-chase assay to compare polycystin-2 to two other 
ciliary membrane proteins when IFT20 or GMAP210 was perturbed. The proteins 
fibrocystin and smoothened were chosen because of their diverse structures and 
because of their importance to human disease. Fibrocystin is a single-pass 
transmembrane protein mutated in human autosomal recessive PKD, 
smoothened is a seven transmembrane receptor involved in hedgehog signaling 
and polycystin-2 is multispan membrane protein mutated in human autosomal 
dominant PKD (Alcedo et al., 1996; Mochizuki et al., 1996; van den Heuvel and 
Ingham, 1996; Ward et al., 2002; Ward et al., 2003). 
Our pulse-chase assay is based on the SNAP tag, which can be 
derivatised with a variety of modified benzylguanines (Follit and Pazour, 2013; 
Follit et al., 2014). This allows one to first block all existing protein with a non-
fluorescent derivative and then follow newly synthesized protein with a 
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fluorescent derivative (Sun et al., 2011). The fibrocystin construct consisted of 
the extracellular domain of CD8 fused to fibrocystin just N-terminal to the 
transmembrane domain with a SNAP tag placed just before the stop codon. The 
polycystin-2 construct consists of the first 703 amino acids fused to SNAP and 
GFP at the C-terminal end. Similarly, full length smoothened was tagged with 
SNAP and GFP at the C-terminal end (Fig. II-1, Aa, Ba, Ca). The SNAP tag is 
used to quantify newly synthesized protein, while the CD8 epitope tag (included 
in the extracellular domain of CD8) and GFP are used to monitor total protein 
levels at steady-state. Each of these chimeric proteins is robustly localized to cilia 
(Fig. II-1, Ab, Bb, Cb). IMCD3 Flp-In cell lines that uniformly expressed each of 
the proteins were then infected with lenti-viral shRNA constructs to knockdown 
the levels of proteins of interest. Reduction of protein was verified by immunoblot, 
and the amount remaining was typically about ~10-20% of the controls (Figs. II-2, 
II-3, II-8, II-9, II-10, and II-11). 
 The assay starts with blocking all the SNAP-tag binding sites with a cell 
permeable nonfluorescent benzylguanine. This substrate is then washed out of 
the media, and the cells are allowed to synthesize new protein for 1.5 hrs. The 
cells are then treated with cycloheximide to inhibit further protein synthesis and 
shifted to 19˚C to prevent the Golgi apparatus from releasing proteins. This 
causes an accumulation of newly synthesized protein at the Golgi apparatus 
(Ang et al., 2004). While still keeping the cells in cycloheximide, the cells are 
shifted back to 37˚C, allowing newly synthesized protein to be released from the 
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Figure II-1: Ciliary membrane protein constructs, trafficking rates, 
and cilia length after temperature shift to 19˚C. 
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Figure II-1. Ciliary membrane protein constructs, trafficking rates, and cilia 
length after temperature shift to 19˚C. 	
(A) HsCD8-MmFibrocystinCTS-SNAP (WJM8). (Aa) This construct contains part 
of the extracellular domain, the single transmembrane domain, and entire ciliary 
targeting sequence of MmFibrocystin. The extracellular N-terminal HsCD8 tag is 
used as an epitope marker and to maintain proper membrane protein topology. 
(Ab) IMCD3 Flp-In cells expressing ciliary localized CD8-FibrocystinCTS-SNAP 
stained with SNAP TMR STAR (red), CD8 antibody (green) and nuclei detected 
with DAPI (blue). Scale bar is 10 µm. Insets are 235% enlargements of the cilia. 
(B) HsPolycystin-2(1-703)-GFP-SNAP (WJM15). (Ba) This construct is truncated 
after amino acid 703 and is missing the ER-retention signal on its C-terminal end. 
(Bb) IMCD3 Flp-In cells expressing ciliary localized Polycystin-2(1-703)-GFP-
SNAP stained with SNAP TMR STAR (red), GFP (green) and nuclei detected 
with DAPI (blue). Scale bar is 10 µm. (C) MmSmoothened-SNAP-GFP (WJM6). 
(Ca) This construct contains the full-length amino acid sequence of 
MmSmoothened. (Cb) IMCD3 Flp-In cells expressing ciliary localized 
Smoothened-SNAP-GFP stained with SNAP TMR STAR (red), GFP (green) and 
nuclei detected with DAPI (blue). Scale bar is 10 µm. (D) Mean control linear 
regression slope values for CD8-FibrocystinCTS-SNAP, Polycystin-2(1-703)-
GFP-SNAP, and Smoothened-SNAP-GFP from Figure II-4 (n = 6 control slope 
values per membrane protein). The data was analyzed with One-way ANOVA 
and Tukey’s multiple comparison test. * p < 0.05, ** p < 0.01, and ns = non-
significant. (E) 19˚C causes cilia to shorten. (Ea) Polycystin-2-GFP-SNAP IMCD 
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Flp-In cells incubated at either 37˚C or for two hours at 19˚C. GFP (green) and 
nuclei detected with DAPI (blue). Scale bar is 10 µm. Insets are 150% 
enlargements of the cilia. (Eb) Cilia incubated at 19˚C are shorter compared with 
control (n = 100 cilia). The data was analyzed with unpaired student t-test. **** p 
< 0.0001. Error bars represent standard error of the mean. 
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Golgi complex and trafficked to the cilium. The cells were then fixed at indicated 
time points after temperature shift back to 37˚C, and the amount of newly 
synthesized and total tagged proteins in the cilium was measured. 
 For each experiment, we quantified the effectiveness of the shRNA 
knockdown by charge-coupled device detection of chemiluminescence and 
displayed results normalized to the untransfected control sample using gamma 
tubulin or IFT27 as a loading control. For each trafficking experiment, we 
measured cilia length, ciliary SNAP fluorescence, and either ciliary GFP 
fluorescence or CD8 immunofluorescence at 0, 1, 2, 4, and 6 hours after shift 
from 19˚C to 37˚C. The data was then plotted with respect to time, and the 
trafficking rate determined from the slope of the curve derived from the SNAP 
fluorescence. All experiments are plotted and displayed similarly, with the control 
cell displayed in blue, the non-silencing shRNA in green, and the two shRNAs 
targeting the gene of interest in red and black. 
Under control conditions, the proteins showed different kinetics of delivery 
to the cilium (Figs. II-1, D and II-2 Ae, Af, Be, Bf, Ce, Cf). In all cases, newly 
synthesized protein could be detected in cilia within 1 hr of temperature shift. 
Rates of delivery of fibrocystin and smoothened were similar to each other but 
substantially higher than polycystin-2 (Fig. II-1, D). Fibrocystin typically reached a 
plateau within 2 to 4 hours after temperature shift while smoothened and 
polycystin-2 were still increasing at the 6 hr time point. We were unable to follow 
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Figure II-2: IFT20 knockdown affects fibrocystin and polycystin-2 ciliary 
trafficking but only modestly affects smoothened trafficking to the cilium. 
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 Figure II-2. IFT20 knockdown affects fibrocystin and polycystin-2 ciliary 
trafficking but only modestly affects smoothened trafficking to the cilium.  	
(A) Quantification of CD8-FibrocystinCTS-SNAP, (B) Polycystin-2(1-703)-GFP-
SNAP, and (C) Smoothened-SNAP-GFP trafficking from the Golgi apparatus to 
the primary cilium during lenti-shRNA knockdown of IFT20. (Aa, Ba, Ca) 
Selected immunoblot images of IFT20 knockdown and gamma tubulin loading 
control. (Ab, Bb, Cb) Quantification of knockdown. Mean protein levels plotted 
from three independent experiments for each condition (Control, NS-shRNA, 
shRNA#1, and shRNA#2) and normalized to their corresponding gamma tubulin 
loading control. shRNA mediated knockdown of IFT20 results in >90% reduction 
of total protein abundance. (Ac, Bc, Cc) Mean cilia length, (Ad, Bd, Cd) Mean 
CD8 or GFP ciliary fluorescence, and (Ae, Be, Ce) Mean SNAP ciliary 
fluorescence plotted from three independent experiments in which 30 cilia were 
quantified for each condition (Control, NS-shRNA, shRNA#1, and shRNA#2) at 
each time point (n = 90 total cilia per time point). CD8 or GFP and SNAP pixel 
intensity measurements were taken at individual time points starting at the time 
of temperature shift from 19°C to 37°C (0 Hours). The data was analyzed with 
One-way ANOVA and Bonferroni multiple comparisons test. The control 
condition was compared with shRNA#1 and shRNA#2 conditions to determine 
statistical significance. (Af, Bf, Cf) Linear regression analysis of selected time 
points of newly synthesized membrane protein delivery to the cilium was 
completed. Slope values between control and experimental shRNA groups were 
compared with one another to determine statistical significance. * p < 0.05, ** p < 
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0.01, *** p < 0.001, **** p < 0.0001 and ns = non-significant. Error bars represent 
standard error of the mean. 
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cells for longer time, as the cells became unhealthy because of the 
cycloheximide treatment. 
Initially we examined the functions of IFT20 and GMAP210 on the 
transport of our three model ciliary membrane proteins. As we observed 
previously, only a small amount of IFT20 is needed to support ciliary assembly, 
as knockdown to ~20% of normal had minimal effect on cilia length (Fig. II-2, Ac, 
Bc, Cc). Knockdown of GMAP210 had no effect on cilia length (Fig. II-3, Ac, Bc, 
Cc). In all experiments, we noted that ciliary length increased after shift to 37˚C. 
This is likely due to recovery from ciliary shortening that occurs when cells are 
placed at 19˚C (Fig. II-1, E). The knockdown of IFT20 and GMAP210 reduced 
the steady state levels of ciliary fibrocystin and polycystin-2 and also reduced the 
rate of delivery of these proteins to cilia (Figs. II-2, Ad, Bd, Ae, Be, Af, Bf; and II-
3, Ad, Bd, Ae, Be; and II-4, D and E). In contrast, the steady state levels of ciliary 
smoothened and its rate of delivery to cilia was not greatly affected by the 
reduction in either IFT20 or GMAP210 (Figs. II-2, Cd, Ce, Cf; and II-3, Cd and 
Ce; and II-4, F). The differences in rates of delivery of the three model proteins 
and the fact that IFT20 and GMAP210 are not needed for the delivery of 
smoothened support a model where proteins can take different pathways to the 
cilium. 
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Figure II-3: GMAP210 knockdown strongly affects fibrocystin and 
polycystin-2 ciliary trafficking but only modestly affects smoothened 
trafficking to the primary cilium.	
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Figure II-3. GMAP210 knockdown strongly affects fibrocystin and 
polycystin-2 ciliary trafficking but only modestly affects smoothened 
trafficking to the primary cilium. 	
(A) Quantification of CD8-FibrocystinCTS-SNAP, (B) Polycystin-2(1-703)-GFP-
SNAP, and (C) Smoothened-SNAP-GFP trafficking from the Golgi apparatus to 
the primary cilium during lenti-shRNA knockdown of GMAP210. (Aa, Ba, Ca) 
Selected immuno blot images of GMAP210 knockdown and gamma tubulin 
loading control. (Ab, Bb, Cb) Quantification of knockdown. Mean protein levels 
plotted from three independent experiments for each condition (Control, NS-
shRNA, shRNA#1, and shRNA#2) and normalized to their corresponding gamma 
tubulin loading control. shRNA mediated knockdown of GMAP210 results in 
>90% reduction of total protein abundance. (Ac, Bc, Cc) Mean cilia length, (Ad, 
Bd, Cd) mean CD8 or GFP ciliary fluorescence, and (Ae, Be, Ce) mean SNAP 
ciliary fluorescence plotted from three independent experiments in which 30 cilia 
were quantified for each condition (Control, NS-shRNA, shRNA#1, and 
shRNA#2) at each time point (n = 90 total cilia per time point). CD8 or GFP and 
SNAP pixel intensity measurements were taken at individual time points starting 
at the time of temperature shift from 19°C to 37°C (0 Hours). The data was 
analyzed with One-way ANOVA and Bonferroni multiple comparisons test. The 
control condition was compared with shRNA#1 and shRNA#2 conditions to 
determine statistical significance. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 
0.0001 and ns = non-significant. Error bars represent standard error of the mean. 
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Figure II-4: Fibrocystin, polycystin-2, and smoothened trafficking rates to 
the primary cilium. 
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Figure II-4. Fibrocystin, polycystin-2, and smoothened trafficking rates to 
the primary cilium. 	
(A – C) Linear regression slope value analysis of newly synthesized CD8-
FibrocystinCTS-SNAP, Polycystin-2-GFP-SNAP, or Smoothened-SNAP-GFP 
trafficking from the Golgi apparatus to the primary cilium when either IFT20, (D – 
F) GMAP210, (G – I) Exo70, (J – L) Sec8, (M – O) Pallidin or (P – R) Dysbindin 
are knocked down using lenti-shRNAs. Linear regression analysis of newly 
synthesized membrane protein delivery to the cilium was performed on selected 
time points: (0, 1, 2 Hours for CD8-FibrocystinCTS-SNAP; 0, 1, 2, 4, 6 Hours for 
Polycystin-2-GFP-SNAP; and 0, 1, 2, 4, 6 Hours for Smoothened-SNAP-GFP). 
The time points were chosen by determining which data points remained linear 
before (or if) reaching a plateau in the control groups (see Figs. II-2, II-3, II-8, II-9, 
II-10, and II-11). The slope values obtained from this analysis represent the 
trafficking rates of newly synthesized membrane protein delivery to the cilium. 
Slope values between control and experimental shRNA groups were compared 
with one another to determine statistical significance. shRNAs of interest are 
listed vertically on the left side and their corresponding membrane proteins are 
listed horizontally. Error bars represent standard error of the mean. * p < 0.05, ** 
p < 0.01, *** p < 0.001, **** p < 0.0001 and ns = non-significant. The IFT20 
shRNA linear regression analysis (A – C) from Fig. II-2 is shown again for 
completion. 
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IFT20 interacts with the BLOC-1 subunit pallidin and the exocyst subunits 
Exo70 and Sec8. 	
To gain insight into the mechanism of how IFT20 and GMAP210 direct proteins 
to the ciliary membrane, we examined large-scale yeast-two hybrid screens for 
new IFT20-interacting proteins (Rual et al., 2005; Wang et al., 2011). From this, 
we identified the exocyst subunit Exo70, the BLOC-1 subunit pallidin, and a 
KxDL motif containing protein named KXD1 as candidate IFT20-binding proteins 
(Rual et al., 2005; Wang et al., 2011). To determine if these bind to IFT20, the 
coding sequences were cloned with N-terminal Flag tags, expressed in IMCD3 
cells, and immunoprecipitated with anti-Flag resin (Fig. II-5, A). Flag-GFP and 
Flag-IFT54 were used as negative and positive controls (Follit et al., 2009). As 
expected, Flag-GFP did not pull down IFT20, but Flag-IFT54 showed a strong 
interaction with IFT20 (Fig. II-5, Ab). Flag-Pallidin brought down endogenous 
IFT20, while no binding of IFT20 was observed with Flag-KXD1 and Flag-Exo70 
(Fig. II-5, Ab). Interestingly, Flag-Pallidin also precipitated endogenous 
polycystin-2 (Fig. II-5, Ab). Endogenous Exo70 was brought down by Flag-
Pallidin (Fig. II-5, Ab). This is consistent with work showing BLOC-1 interacting 
with the exocyst components Sec6 and Sec8 (Gokhale et al., 2012). Flag-KXD1 
pulled down Exo70 (Fig. II-5, Ab), which may be explained by KXD1 interacting 
with BLOC-1 (Hayes et al., 2011; Yang et al., 2012). 
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Figure II-5: IFT20 interacts with the BLOC-1 subunit pallidin and the 
exocyst subunits Exo70 and Sec8. 
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Figure II-5. IFT20 interacts with the BLOC-1 subunit pallidin and the exocyst 
subunits Exo70 and Sec8. 	
(A) Flag-GFP (negative IFT20 binding control), Flag-IFT54 (positive IFT20 
binding control), Flag-KXD1, Flag-Pallidin, and Flag-Exo70 were expressed in 
mouse IMCD3 cells. The cells were lysed, immunoprecipitated with Flag antibody 
and analyzed by immunoblotting. (Aa) The left group is the starting material 
before immunoprecipitation (10% input) and (Ab) the right group is the 
precipitated material (IP). Flag-tagged proteins are marked with arrows on the 
Flag Western blot. Antibodies used for the Western blots are listed on the right 
side. (B) Flag-GFP (negative binding control), Flag-IFT25 (positive binding 
control for IFT complex B protein IFT88) and Flag-IFT20, were expressed in 
mouse IMCD3 cells. The cells were lysed, immunoprecipitated with Flag antibody 
and analyzed by immunoblotting. The left group is the starting material before 
immunoprecipitation (10% input) and the right group is the precipitated material 
(IP). Proteins are marked with arrows. Antibodies used for the Western blots are 
listed on the right side. (C) Selected images of IMCD3 cells expressing the Flag-
fusion proteins that are listed horizontally at the top of the figure. Flag-fusion 
proteins were detected with Flag antibody staining (green), endogenous IFT20 
antibody staining (red), and nuclei detected with DAPI (blue). (Ca) IFT20 is 
localized at the Golgi membranes in IMCD3 control cells (arrows). (Cb) 
Increased pixel intensity of IFT20 in the cytoplasm (arrows) and complete loss of 
IFT20 from the perinuclear Golgi pool in Flag-IFT54 expressing cells. (Cc) Flag-
KXD1 expressing cells show IFT20 localization at the Golgi membranes (arrows) 
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and no IFT20 displacement into the cytoplasm. (Cd) Compacted Golgi 
membranes (asterisks) and increased pixel intensity of IFT20 in the cytoplasm 
(arrows) and partial displacement from the Golgi membranes in Flag-Pallidin 
expressing cells. (Ce) Up-regulated filopodia (asterisks) formation and increased 
IFT20 pixel intensity (arrows), with partial IFT20 displacement from Golgi 
membranes in cells expressing Flag-Exo70. Scale bar is 10 µm. (D) Selected 
images of IMCD3 cells expressing the Flag-fusion proteins that are listed 
horizontally at the top of the figure. Flag-fusion proteins were detected with Flag 
antibody staining (green), endogenous GMAP210 antibody staining (red), and 
nuclei detected with DAPI (blue). (Da) GMAP210 is localized at the Golgi 
membranes in IMCD3 control cells, (Db) Flag-IFT54 expressing cells, and (Dc) 
Flag-KXD1 expressing cells (arrows). (Dd) Compacted Golgi membranes 
(asterisks) and GMAP210 is localized at the Golgi membranes (arrows) in Flag-
Pallidin expressing cells. (De) Up-regulated filopodia (asterisks) formation and 
GMAP210 is localized at the Golgi membranes (arrows) in cells expressing Flag-
Exo70. Scale bar is 10 µm. 
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Because no interaction was observed between Flag-Exo70 and 
endogenous IFT20, we tested to see if Flag-IFT20 could precipitate endogenous 
Exo70 or Sec8 exocyst subunits (Fig. II-5, B). Flag-GFP and Flag-IFT25 were 
negative controls and neither interacted with either of the exocyst components. 
As positive controls, Flag-IFT20, and Flag-IFT25 interacted as expected with 
IFT88 and Flag-IFT20 with GMAP210 (Fig. II-5, B) (Follit et al., 2008; Follit et al., 
2009; Keady et al., 2011). Importantly, Flag-IFT20 also brought down 
endogenous Exo70 and Sec8 (Fig. II-5, B). The reason for the discrepancy 
between the two immunoprecipitations is unknown but not uncommon in these 
types of studies. However, our finding of an interaction between IFT20 and both 
Exo70 and Sec8 is consistent with prior work showing that the Sec10 subunit of 
the exocyst could co-precipitate IFT20 and IFT88 (Fogelgren et al., 2011). 
Previously we showed that overexpressing the IFT20-binding proteins 
IFT54 or GMAP210 displaces IFT20 from the Golgi membranes. Importantly, 
overexpressing other IFT proteins that do not directly bind IFT20 did not have 
any effect on the distribution of IFT20 in cells (Follit et al., 2009). As a further test 
for evidence of interaction with IFT20, we overexpressed Flag-KXD1, Flag-
Pallidin, Flag-Exo70, and, as a positive control, Flag-IFT54 (Fig. II-5, C). Flag-
IFT54 overexpression completely displaced IFT20 from the Golgi stacks (Fig. II-
5, Cb). High expression of Flag-KXD1 did not displace IFT20 from the Golgi (Fig. 
II-5, Cc), consistent with a failure to interact in the immunoprecipitation assay. 
Flag-Pallidin overexpression resulted in partial displacement of IFT20 into the 
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cytoplasm and for unknown reasons caused the Golgi apparatus to compact (Fig. 
II-5, Cd). Flag-Exo70 overexpression also caused displacement of IFT20 from 
the Golgi and induced filopodia formation, similar to what has been described 
(Zuo et al., 2006) (Fig. II-5, Ce and De). To ensure that this result was not due to 
disruption of the Golgi complex by overexpression of our test proteins, we 
stained with the Golgi marker GMAP210. GMAP210 was not displaced by 
overexpression of any of the proteins, and Golgi structure was normal except for 
the compaction observed when Flag-Pallidin was expressed (Fig. II-5, D). 
Together the immunoprecipitation and displacement results provide strong 
evidence that IFT20 interacts with the BLOC-1 subunit pallidin and the exocyst 
subunit Exo70. 
The localization of pallidin at the basal body is partially dependent on 
IFT20. 	
Because IFT20 binds Exo70 and pallidin, we determined whether their cellular 
localization is dependent on IFT20. To do this, wild type and Ift20-/- mouse 
embryonic kidney (MEK) cells (Jonassen et al., 2008) were transfected with Flag-
Pallidin or stained for endogenous Exo70 (Fig. II-6). In wild type cells, Flag-
Pallidin partially localizes at the basal body (Fig. II-6, Aa). This is consistent with 
prior work showing other BLOC-1 subunits localizing to the centrosome (Wang et 
al., 2004b). Interestingly, there is a significant decrease in the amount of basal 
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Figure II-6: Localization of pallidin at the basal body is dependent on IFT20. 
	 80 
Figure II-6. Localization of pallidin at the basal body is dependent on IFT20. 
 
(A) Wild type and Ift20-/- MEK cells expressing Flag-Pallidin. (Aa) Flag antibody 
staining (red), gamma tubulin antibody staining (green), and nuclei detected with 
DAPI (blue). Flag-pallidin localizes at the basal body (arrows). (Ab) Mean steady-
state levels of Flag-Pallidin at the basal body are decreased in the Ift20 null cells. 
(Ac) Selected immunoblot images of total Flag-Pallidin and gamma tubulin 
loading control protein levels. (Ad) No difference in the mean total protein levels 
of Flag-Pallidin in the Ift20-/- MEK cells compared to the control. (B) Endogenous 
Exo70 levels at the basal body in wild type and Ift20-/- MEK cells. (Ba) MEK cells 
stained for endogenous Exo70 (red), gamma tubulin (green), and nuclei detected 
with DAPI (blue). Endogenous Exo70 localizes at the basal body (arrows). (Bb) 
No difference in the mean steady-state levels of Exo70 at the basal body in the 
Ift20-/- cells compared to the control. (Bc) Selected immunoblot images of total 
endogenous Exo70 and gamma tubulin loading control protein levels. (Bd) No 
difference in the mean total protein levels of Exo70 in the Ift20-/- cells compared 
to the control. (C) Total protein levels of endogenous IFT20 in wild type and  
Ift20-/- MEK cells. (Ca) Selected immunoblot images of total endogenous IFT20 
and gamma tubulin loading control. (Cb) Mean immunoblot pixel intensity 
quantification showing no IFT20 protein present in the Ift20-/- MEK cells. n = 50 
basal bodies per experimental group. Error bars are standard error of the mean. 
The data was analyzed with unpaired student t-test. *** p < 0.001, **** p < 0.0001 
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and ns = non-significant. Scale bars are 10 µm. Insets are 190% enlargements of 
the centrosome regions. 
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body-localized Flag-Pallidin in the Ift20-/- MEKs, while there is no difference in the 
total Flag-Pallidin levels in the cell (Fig. II-6, A). Endogenous Exo70 partially 
localizes at the basal body, but there was no difference between control and  
Ift20-/- cells (Fig. II-6, B). 
There does not appear to be any effect on IFT20 localization when either 
pallidin or Exo70 is knocked down (Fig. II-7), indicating that IFT20 localization is 
not dependent on either protein. 
The exocyst complex is involved in the ciliary trafficking of fibrocystin and 
polycystin-2. 	
Previous work had demonstrated a role for exocyst subunit Sec10 in ciliary 
assembly (Zuo et al., 2009). Because we had found that IFT20 was able to 
precipitate the exocyst subunits Exo70 and Sec8, we tested the exocyst’s role in 
trafficking of our model ciliary proteins by knocking down these subunits (Figs.  
II-4, G – L; and II-8; and II-9). Knockdown of Exo70 to about ~20% of normal had 
modest effects on ciliary length (Fig. II-8, Ac, Bc, Cc) while a knockdown of Sec8 
to ~20% of controls decreased ciliary length to ~40% of normal (Fig. II-9, Ac, Bc, 
Cc). Knockdown of these exocyst subunits reduced the steady-state levels of 
ciliary fibrocystin and polycystin-2 (Figs. II-8, Ad, Bd; and II-9, Ad, Bd) and 
reduced the rate of delivery of these proteins to cilia (Figs. II-4, G, H, J, K; and II-
8, Ae, Be; and II-9, Ae, Be).  
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Figure II-7: IFT20 localization at the basal body is not affected by the 
knockdown of either pallidin or Exo70. 
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Figure II-7. IFT20 localization at the basal body is not affected by the 
knockdown of either pallidin or Exo70. 	
(A) Endogenous IFT20 levels at the basal body in CD8-FibrocystinCTS-SNAP 
Flp-In IMCD3 cells expressing either non-silencing or pallidin lenti-shRNAs. (Aa) 
Selected images showing IFT20 localization at the basal body (arrows). IFT20 
antibody staining (red), gamma tubulin antibody staining (green), and nuclei are 
detected with DAPI (blue). Scale bar is 10 µm. Insets are 185% enlargements of 
the centrosome regions. (Ab) No difference in the mean steady-state levels of 
IFT20 at the basal body in the pallidin knockdown cells compared to the control. 
(Ac) Selected immunoblot images of total endogenous IFT20 and gamma tubulin 
loading control protein levels. (Ad) No difference in the mean total protein levels 
of IFT20 in the pallidin knockdown cells compared to the control. (B) 
Endogenous IFT20 levels at the basal body in CD8-FibrocystinCTS-SNAP Flp-In 
IMCD3 cells expressing either non-silencing or Exo70 lenti-shRNAs. (Ba) 
Selected images showing IFT20 localization at the basal body (arrows). IFT20 
antibody staining (red), gamma tubulin antibody staining (green), and nuclei are 
detected with DAPI (blue). Scale bar is 10 µm. Insets are 185% enlargements of 
the centrosome regions. (Bb) No difference in the mean steady-state levels of 
IFT20 at the basal body in the Exo70 knockdown cells compared to the control. 
(Bc) Selected immunoblot images of total endogenous IFT20 and gamma tubulin 
loading control protein levels. (Bd) No difference in the mean total protein levels 
of IFT20 in the Exo70 knockdown cells compared to the control. n = 50 basal 
bodies per experimental group. Error bars are standard error of the mean. The 
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data was analyzed with One-way ANOVA and Bonferroni multiple comparisons 
test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 and ns = non-
significant.  
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Figure II-8: Exo70 knockdown affects fibrocystin, polycystin-2 but not 
smoothened trafficking to the primary cilium. 
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Figure II-8. Exo70 knockdown affects fibrocystin, polycystin-2 but not 
smoothened trafficking to the primary cilium. 	
(A) Quantification of CD8-FibrocystinCTS-SNAP, (B) Polycstin-2(1-703)-GFP-
SNAP, and (C) Smoothened-SNAP-GFP trafficking from the Golgi apparatus to 
the primary cilium during lenti-shRNA knockdown of either Exo70 or Sec8. (Aa, 
Ba, Ca) Selected immunoblot images of Exo70 knockdown and gamma tubulin 
loading control. (Ab, Bb, Cb) Quantification of knockdown. Mean protein levels 
plotted from three independent experiments for each condition (Control, NS-
shRNA, shRNA#1, and shRNA#2) and normalized to their corresponding gamma 
tubulin loading control. shRNA mediated knockdown of Exo70 results in 80-90% 
reduction of total protein abundance. (Ac, Bc, Cc) Mean cilia length, (Ad, Bd, 
Cd) mean CD8 or GFP ciliary fluorescence, and (Ae, Be, Ce) mean SNAP ciliary 
fluorescence plotted from three independent experiments in which 30 cilia were 
quantified for each condition (Control, NS-shRNA, shRNA#1, and shRNA#2) at 
each time point (n = 90 total cilia per time point). CD8 or GFP and SNAP pixel 
intensity measurements were taken at individual time points starting at the time 
of temperature shift from 19°C to 37°C (0 Hours). The data was analyzed with 
One-way ANOVA and Bonferroni multiple comparisons test. The control 
condition was compared to shRNA#1 and shRNA#2 conditions to determine 
statistical significance. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 and 
ns = non-significant. Error bars represent standard error of the mean. 
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Figure II-9: Sec8 knockdown affects fibrocystin, polycystin-2 but not 
smoothened trafficking to the primary cilium. 
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Figure II-9. Sec8 knockdown affects fibrocystin, polycystin-2 but not 
smoothened trafficking to the primary cilium. 	
(A) Quantification of CD8-FibrocystinCTS-SNAP, (B) Polycstin-2(1-703)-GFP-
SNAP, and (C) Smoothened-SNAP-GFP trafficking from the Golgi apparatus to 
the primary cilium during lenti-shRNA knockdown of Sec8. (Aa, Ba, Ca) Selected 
immunoblot images of Sec8 knockdown and gamma tubulin loading control. (Ab, 
Bb, Cb) Quantification of knockdown. Mean protein levels plotted from three 
independent experiments for each condition (Control, NS-shRNA, shRNA#1, and 
shRNA#2) and normalized to their corresponding gamma tubulin loading control. 
shRNA mediated knockdown of Sec8 results in 80-90% reduction of total protein 
abundance. (Ac, Bc, Cc) Mean cilia length, (Ad, Bd, Cd) mean CD8 or GFP 
ciliary fluorescence, and (Ae, Be, Ce) mean SNAP ciliary fluorescence plotted 
from three independent experiments in which 30 cilia were quantified for each 
condition (Control, NS-shRNA, shRNA#1, and shRNA#2) at each time point (n = 
90 total cilia per time point). CD8 or GFP and SNAP pixel intensity 
measurements were taken at individual time points starting at the time of 
temperature shift from 19°C to 37°C (0 Hours). The data was analyzed with One-
way ANOVA and Bonferroni multiple comparisons test. The control condition was 
compared to shRNA#1 and shRNA#2 conditions to determine statistical 
significance. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 and ns = non-
significant. Error bars represent standard error of the mean. 
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The reduction of Exo70 or Sec8 did not affect the rate of delivery of newly 
synthesized smoothened to the cilium (Figs. II-4, I and L; and II-8, Ce; and II-9, 
Ce) and the steady-state level of ciliary smoothened was only modestly or not 
affected (Figs. II-8, Cd; and II-9, Cd). This further strengthens the idea that 
distinct membrane proteins are using different trafficking pathways and specific 
molecular machineries for ciliary delivery. 
BLOC-1 is important for the trafficking of polycystin-2 to primary cilia. 	
BLOC-1 has not been previously implicated in ciliary trafficking but our finding 
that pallidin bound IFT20 and polycystin-2 suggests involvement. To test this 
idea, we assayed ciliary transport after knocking down pallidin and another 
BLOC-1 subunit dysbindin. Knockdown of pallidin to ~10-15% of normal had no 
effect on ciliary length (Fig. II-10, Ac, Bc, Cc). Knockdown of dysbindin to ~10% 
of normal affects ciliary assembly (Fig. II-11, Ac, Bc, Cc). Knockdown of either 
dysbindin or pallidin had no effect on steady-state levels or rates of delivery of 
fibrocystin and smoothened to cilia (Figs. II-4, M, O, P, R; and II-10, Ad, Cd, Ae, 
Ce; and II-11, Ad, Cd, Ae, Ce). In contrast, knockdown of either dysbindin or 
pallidin reduced the rates of delivery of polycystin-2 to cilia and dysbindin 
knockdown decreased steady-state levels of ciliary polycystin-2 (Figs. II-4, N and 
Q; and II-10, Be; and II-11, Bd and Be). The amount of reduction in steady-state 
ciliary polycystin-2 varied between the two dysbindin shRNAs, but correlated with 
the more effective knockdown causing a larger decrease in ciliary polycystin-2  
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 Figure II-10: Pallidin knockdown affects polycystin-2 but not 
fibrocystin or smoothened trafficking to the primary cilium. 
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Figure II-10. Pallidin knockdown affects polycystin-2 but not fibrocystin or 
smoothened trafficking to the primary cilium. 	
(A) Quantification of CD8-FibrocystinCTS-SNAP, (B) Polycstin-2(1-703)-GFP-
SNAP, and (C) Smoothened-SNAP-GFP trafficking from the Golgi apparatus to 
the primary cilium during lenti-shRNA knockdown of pallidin. (Aa, Ba, Ca) 
Selected immunoblot images of pallidin knockdown and gamma tubulin loading 
control. (Ab, Bb, Cb) Quantification of knockdown. Mean protein levels plotted 
from three independent experiments for each condition (Control, NS-shRNA, 
shRNA#1, and shRNA#2) and normalized to their corresponding gamma tubulin 
loading control. shRNA mediated knockdown of pallidin results in >90% reduction 
of total protein abundance. (Ac, Bc, Cc) Mean cilia length, (Ad, Bd, Cd) mean 
CD8 or GFP ciliary fluorescence, and (Ae, Be, Ce) mean SNAP ciliary 
fluorescence plotted from three independent experiments in which 30 cilia were 
quantified for each condition (Control, NS-shRNA, shRNA#1, and shRNA#2) at 
each time point (n = 90 total cilia per time point). CD8 or GFP and SNAP pixel 
intensity measurements were taken at individual time points starting at the time 
of temperature shift from 19°C to 37°C (0 Hours). The data was analyzed with 
One-way ANOVA and Bonferroni multiple comparisons test. The control 
condition was compared to shRNA#1 and shRNA#2 conditions to determine 
statistical significance. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 and 
ns = non-significant. Error bars represent standard error of the mean. 
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Figure II-11: Dysbindin knockdown affects polycystin-2 but not fibrocystin 
or smoothened trafficking to the primary cilium. 
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Figure II-11. Dysbindin knockdown affects polycystin-2 but not fibrocystin 
or smoothened trafficking to the primary cilium. 	
(A) Quantification of CD8-FibrocystinCTS-SNAP, (B) Polycstin-2(1-703)-GFP-
SNAP, and (C) Smoothened-SNAP-GFP trafficking from the Golgi apparatus to 
the primary cilium during lenti-shRNA knockdown of dysbindin. (Aa, Ba, Ca) 
Selected immunoblot images of dysbindin knockdown and IFT27 loading control. 
(Ab, Bb, Cb) Quantification of knockdown. Mean protein levels plotted from three 
independent experiments for each condition (Control, NS-shRNA, shRNA#1, and 
shRNA#2) and normalized to their corresponding IFT27 loading control. shRNA 
mediated knockdown of dysbindin results in >90% reduction of total protein 
abundance. (Ac, Bc, Cc) Mean cilia length, (Ad, Bd, Cd) mean CD8 or GFP 
ciliary fluorescence, and (Ae, Be, Ce) mean SNAP ciliary fluorescence plotted 
from three independent experiments in which 30 cilia were quantified for each 
condition (Control, NS-shRNA, shRNA#1, and shRNA#2) at each time point (n = 
90 total cilia per time point). CD8 or GFP and SNAP pixel intensity 
measurements were taken at individual time points starting at the time of 
temperature shift from 19°C to 37°C (0 Hours). The data was analyzed with One-
way ANOVA and Bonferroni multiple comparisons test. The control condition was 
compared to shRNA#1 and shRNA#2 conditions to determine statistical 
significance. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 and ns = non-
significant. Error bars represent standard error of the mean. 
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levels (Figs. II-4 Q; and II-11, Ba, Bb, Bd, Be). Our protein interaction data and 
pulse-chase trafficking data gives strong evidence that BLOC-1 is specifically 
involved in polycystin-2 delivery to cilia. This emphasizes that polycystin-2 is 
taking a specific pathway to the cilium that is dependent on BLOC-1 machinery. 
Perturbation of the exocyst or BLOC-1 complexes decreases endogenous 
polycystin-2 levels at the primary cilium. 	
To further verify our finding that the exocyst complex and BLOC-1 are involved in 
trafficking polycystin-2 to the primary cilium, we performed knockdowns in MEK 
cells and measured endogenous polycystin-2 ciliary levels. MEK cells were 
chosen because they have more polycystin-2 in their cilia than IMCD3 cells, and 
because they are mouse cells, the shRNAs developed previously are effective in 
them. 
Similar to what we observed in IMCD3 cells, Exo70 knockdown had little 
to no effect on ciliary assembly in MEK cells, but Sec8 knockdown decreased 
ciliary length (Fig. II-12, Bd and Cd). Importantly, knockdown of either Exo70 or 
Sec8 resulted in decreased steady-state ciliary levels of polycystin-2 (Fig. II-12, 
Ba, Bb, Bc) confirming our results with an exogenous chimeric protein. 
Additionally, the knockdown of Sec8 but not Exo70 reduced the ciliary levels of 
Arl13b at the cilium (Fig. II-12 Ca, Cb, Cc). Arl13b is a peripheral membrane 
protein anchored to the cilium by palmitoylated cysteines (Cevik et al., 2010; Li et 
al., 2010; Sun et al., 2004). It is not clear why the two subunits have different  
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Figure II-12: Exo70 and Sec8 knockdown decreases endogenous ciliary 
polycystin-2 levels.	
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Figure II-12. Exo70 and Sec8 knockdown decreases endogenous ciliary 
polycystin-2 levels. 	
(A) Immunoblot and quantification of total protein levels of MEK cells expressing 
either Exo70 or Sec8 lenti-shRNAs. (Aa) Selected immunoblot images showing 
Exo70 knockdown and (Ab) Sec8 knockdown with gamma tubulin loading 
control. (Ac) Quantification of Exo70 mean protein levels and (Ad) Sec8 mean 
protein levels for each condition (Control, NS-shRNA, shRNA#1, and shRNA#2) 
that are normalized to their corresponding gamma tubulin loading control. shRNA 
mediated knockdown of either Exo70 or Sec8 results in >80% reduction of total 
protein abundance. (B) Immunostaining and quantification of ciliary polycystin-2 
and cilia length in MEK cells expressing either Exo70 or Sec8 lenti-shRNA. (Ba) 
Selected images of polycystin-2 (Pkd2) antibody staining (red), Arl13b staining 
(green), and nuclei are detected with DAPI (blue) Scale bar is 10 µm. Insets are 
240% enlargements of the cilia. (Bb) Mean total ciliary polycystin-2 (Bc) and 
ciliary polycystin-2 per micron is reduced in cells expressing Exo70 or Sec8 lenti-
shRNAs. (Bd) Mean cilia length is reduced in cells expressing Sec8 shRNAs. (C) 
Immunostaining and quantification of ciliary Arl13b and cilia length in MEK cells 
expressing either Exo70 or Sec8 lenti-shRNA. (Ca) Selected images of Arl13b 
antibody staining (red), acetylated tubulin (6-11B-1) antibody staining (green), 
and nuclei are detected with DAPI (blue) Scale bar is 10 µm. Insets are 240% 
enlargements of the cilia. (Cb) Mean steady-state ciliary Arl13b and (Cc) ciliary 
Arl13b per micron is reduced in cells expressing Sec8 lenti-shRNAs. (Cd) Mean 
ciliary assembly is reduced in cells expressing Sec8 shRNAs. n = 107 cilia per 
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experimental group. Error bars are standard error of the mean. Data was 
analyzed with One-way ANOVA and Bonferroni multiple comparisons test. * p < 
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 and ns = non-significant.
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effects on ciliary Arl13b levels, but Sec8 is a core exocyst subunit, while Exo70 is 
a peripheral membrane-docking subunit (He et al., 2007; TerBush et al., 1996; 
TerBush and Novick, 1995; Wu et al., 2010). It is possible that core subunits are 
more important for delivery of Arl13b or that higher levels of Sec8 are needed 
than Exo70 and the Exo70 levels were not reduced below the critical level. 
 To confirm the results obtained with the exogenous chimeric protein, we 
examined the involvement of BLOC-1 in trafficking of endogenous polycystin-2 to 
primary cilia. Again, MEK cells were used because of their high levels of ciliary 
polycystin-2. In these cells, knockdown reduced pallidin and dysbindin to ~10-
15% of normal (Fig. II-13, Ac and Ad). The dysbindin knockdown caused a 
decrease in cilia length and reduced the steady-state level of ciliary polycystin-2 
(Fig. II-13 B). Similar to what we saw in IMCD3 cells, the pallidin knockdown did 
not affect cilia length or the levels of ciliary polycystin-2 (Fig. II-13 B). This 
continues to strengthen the evidence that the exocyst complex and BLOC-1 are 
involved in the trafficking of polycystin-2 to cilia. 	
Dtnbp1sdy/sdy and Pldnpa/pa mice possess a cystic kidney phenotype. 	
The sandy (Dtnbp1sdy/sdy) and pallid mice (Pldnpa/pa) are loss-of-function models 
of dysbindin and pallidin (Huang et al., 1999; Li et al., 2003). Given that our data 
suggest BLOC-1 is involved in the trafficking of polycystin-2 to primary cilia, we 
hypothesized that the Dtnbp1sdy/sdy and Pldnpa/pa mice will have cystic kidneys. 
Hematoxylin and eosin staining of 5 week old Dtnbp1sdy/sdy and 8 week old  
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Figure II-13: Dysbindin knockdown decreases endogenous ciliary 
polycystin-2 levels. 
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Figure II-13. Dysbindin knockdown decreases endogenous ciliary 
polycystin-2 levels. 	
(A) Immunoblot and quantification of total protein levels of MEK cells expressing 
either pallidin or dysbindin lenti-shRNAs. (Aa) Selected immunoblot images 
showing pallidin knockdown and (Ab) dysbindin knockdown with either gamma 
tubulin or IFT27 loading control. (Ac) Mean quantification of pallidin and (Ad) 
dysbindin knockdown under each condition (Control, NS-shRNA, shRNA#1, and 
shRNA#2). Intensity was normalized to their corresponding gamma tubulin or 
IFT27 loading control. shRNA mediated knockdown of either pallidin or dysbindin 
results in >90% reduction of total protein abundance. (B) Immunostaining and 
quantification of ciliary polycystin-2 and cilia length in MEK cells expressing 
either pallidin or dysbindin lenti-shRNAs. (Ba) Selected images of polycystin-2 
(Pkd2) antibody staining (red), Arl13b antibody staining (green), and nuclei are 
detected with DAPI (blue) Scale bar is 10 µm. Insets are 170% enlargements of 
the cilia. (Bb) Mean steady-state ciliary polycystin-2 is decreased and (Bc) mean 
ciliary polycystin-2 per micron is reduced in cells expressing dysbindin lenti-
shRNAs. (Bd) Mean cilia length is reduced in cells expressing dysbindin 
shRNAs. n = 107 cilia per experimental group. Error bars are standard error of 
the mean. The data was analyzed with One-way ANOVA and Bonferroni multiple 
comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 and ns = 
non-significant. 
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Pldnpa/pa kidneys showed no prominent cyst formation, but the collecting ducts in 
the papilla were slightly distended in both mouse models (Fig. II-14, A, Ba, Bb). 
Proximal tubule circumference was also slightly increased in the Dtnbp1sdy/sdy 
mice, and both the Dtnbp1sdy/sdy and Pldnpa/pa mice had a slight increase in the 
mean number of proximal tubule nuclei per cross section (Fig. II-14, C). 
Additionally, the Dtnbp1sdy/sdy and Pldnpa/pa mice had a moderate decrease in 
ciliary length, and Dtnbp1sdy/sdy mice showed a modest decrease in the 
percentage of cilia per basal body (Fig. II-14, Bc and Bd). 
 Given that the first cohort of Dtnbp1sdy/sdy and Pldnpa/pa mice were 
relatively young, we aged a second cohort for 12 months to see whether they 
would present a more severe cystic kidney phenotype. These animals suffer from 
lung fibrosis, and very few animals survive to one year of age (McGarry et al., 
2002). However, we were able to collect three Dtnbp1sdy/sdy and one Pldnpa/pa 
animals at this age. None of the animals showed prominent cysts, but the 
collecting ducts were obviously distended (Fig. II-15, A). Quantification showed a 
significant increase in the Dtnbp1sdy/sdy collecting duct diameter measured in the 
kidney cortex, at the junction between the outer and inner medulla, and in the 
inner medulla at the tip of the papilla (Fig. II-15, B). The Pldnpa/pa also showed 
increased diameter of collecting ducts, but only one animal was examined. 
Proximal tubules were also dilated in the two models. In both models, the 
circumferences were slightly larger, and the number of nuclei per cross section 
was increased (Fig. II-15, D and E).  
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Figure II-14: Young Dtnbp1sdy/sdy and Pldnpa/pa mice have mildly cystic 
kidneys. 
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Figure II-14. Young Dtnbp1sdy/sdy and Pldnpa/pa mice have mildly cystic 
kidneys. 	
(A) Hematoxylin and eosin staining of mouse kidney papillae of wild type (11 
weeks of age), Dtnbp1sdy/sdy (5 weeks of age), and Pldnpa/pa  (8 weeks of age). 
Scale bar is 200 µm. (B) Immuohistochemistry and diameter quantification of wild 
type, Dtnbp1sdy/sdy and Pldnpa/pa kidney collecting ducts. (Ba) Selected images of 
mouse kidney sections stained with cilia marker Arl13b antibody (red), collecting 
duct marker AQP2 antibody (green), and basal body marker gamma tubulin 
antibody (blue). Scale bar is 50 µm. Insets are 250% enlargements. (Bb) Mean 
collecting duct diameter is increased in Dtnbp1sdy/sdy and Pldnpa/pa kidneys (n = 
198 collecting ducts per group). (Bc) Mean cilia assembly is reduced in the 
Dtnbp1sdy/sdy and Pldnpa/pa kidneys (n = 300 cilia per group) and (Bd) the 
percentage of cilia per basal body is reduced Dtnbp1sdy/sdy kidneys (n = 300 basal 
bodies per group). (C) Immuohistochemistry, tubule circumference quantification, 
average number of tubule nuclei, and nuclei per tubule circumference of wild 
type, Dtnbp1sdy/sdy and Pldnpa/pa kidney proximal tubules. (Ca) Selected images of 
mouse kidney sections stained with proximal tubule marker LTA (green) and 
nuclei Dapi (red). Most tubules are proximal and some are marked with “P.” The 
few distal convoluted tubules are marked with “D.” Arrows indicate proximal 
tubule nuclei. Scale bar is 50 µm. Insets are 175% enlargements. (Cb) Mean 
proximal tubule circumference is increased in Dtnbp1sdy/sdy kidneys, (Cc) the 
average number of proximal tubule nuclei in the Dtnbp1sdy/sdy and Pldnpa/pa 
kidneys is increased, and (Cd) the nuclei/kidney proximal tubule circumference in 
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the Dtnbp1sdy/sdy and Pldnpa/pa kidneys is increased (n = 96 proximal tubules per 
group). n = 3 mice per experimental group. Error bars are standard error of the 
mean. The data was analyzed with One-way ANOVA and Bonferroni multiple 
comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 and ns = 
non-significant. 
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Figure II-15: Dtnbp1sdy/sdy and Pldnpa/pa mice have mildly cystic kidneys. 
	 107 
Figure II-15. Dtnbp1sdy/sdy and Pldnpa/pa mice have mildly cystic kidneys. 	
(A) Selected confocal images of 12-month old wild type, Dtnbp1sdy/sdy and 
Pldnpa/pa mouse kidney sections stained with cilia marker Arl13b antibody (red), 
collecting duct marker AQP2 antibody (green), and basal body marker gamma 
tubulin antibody (blue). Scale bars are 25 µm. Insets are 285% enlargements. (B) 
Quantification of mean collecting duct diameters in three regions of the kidney; 
(Ba) cortex (wild type and Dtnbp1sdy/sdy n = 183 collecting ducts per group, 
Pldnpa/pa n = 61 collecting ducts), (Bb) medulla to papilla transition (wild type and 
Dtnbp1sdy/sdy n = 183 collecting ducts per group, Pldnpa/pa n = 61 collecting ducts), 
(Bc) tip of the papilla (wild type and Dtnbp1sdy/sdy n = 33 collecting ducts per 
group, Pldnpa/pa n = 11 collecting ducts). There is an increase in collecting duct 
diameter in the Dtnbp1sdy/sdy and Pldnpa/pa cortex and medulla to papilla transition. 
Additionally, the Dtnbp1sdy/sdy papilla tip collecting duct diameter is wider. (C) 
Quantification of mean kidney cilia length and the percentage of cilia per basal 
body. (Ca) Wild type and Dtnbp1sdy/sdy n = 300 cilia per group, Pldnpa/pa n = 100 
cilia. Cilia in the Dtnbp1sdy/sdy kidneys are shorter compared to control. (Cb) Wild 
type and Dtnbp1sdy/sd n = 315 basal bodies per group, Pldnpa/pa n = 105 basal 
bodies. Percent cilia per basal body is reduced in the Dtnbp1sdy/sdy kidneys. (D) 
Selected confocal images of 12-month old wild type, Dtnbp1sdy/sdy and Pldnpa/pa 
kidney sections stained with proximal tubule marker LTA (green) and nuclei with 
Dapi (red). Most tubules are proximal and some are marked with “P.” The few 
distal convoluted tubules are marked with “D.” Arrows label proximal tubule 
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nuclei and asterisks indicate red blood cells. Scale bars are 25 µm. Insets are 
172% enlargements. (E) Quantification of mean kidney proximal tubule nuclei 
circumference, mean number of proximal tubule nuclei, and nuclei number per 
proximal tubule circumference. Wild type and Dtnbp1sdy/sdy n = 225 proximal 
tubules per group, Pldnpa/pa n = 75 proximal tubules. (Ea) Dtnbp1sdy/sdy and 
Pldnpa/pa proximal tubules have an increased circumference. (Eb)  Dtnbp1sdy/sdy 
and Pldnpa/pa proximal tubules have an increase in the mean number of nuclei. 
(Ec). Increase in nuclei number per proximal tubule circumference. n = 3 mice 
per Wild Type and Dtnbp1sdy/sdy groups, n = 1 mouse per Pldnpa/pa group. Tissue 
from the wild type and Dtnbp1sdy/sdy mice was harvested at precisely 12 months 
of age. Two of the three Pldnpa/pa mice died of a known lung fibrosis phenotype 
during the aging process. Tissue from the remaining Pldnpa/pa mouse was 
harvested at 11 months and 19 days of age. Error bars are standard error of the 
mean. The data was analyzed with One-way ANOVA and Bonferroni multiple 
comparisons test. ** p < 0.01, *** p < 0.001, **** p < 0.0001 and ns = non-
significant. 
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In addition, we noted abnormal position of the proximal tubule nuclei in the two 
models. Proximal tubule cells typically have well-separated nuclei located near 
the basal surface. In the mutants, nuclei distribute throughout the cell including at 
the apical surface and often are found next to each other (Fig. II-15, D). 
There is no difference in cilia assembly and the percentage of cilia per 
basal body in the Pldnpa/pa mice (Fig. II-15, C). However, the Dtnbp1sdy/sdy mice 
have a decrease in both cilia length and the percentage of cilia per basal body 
(Fig. II-15, C). The Dtnbp1sdy/sdy and Pldnpa/pa mouse phenotype strongly 
correlates with the biochemical and cell biology data and supports the conclusion 
that BLOC-1 is involved in trafficking polycystin-2 to primary cilia. 
Polycystin-2 but not fibrocystin or smoothened is retained in the recycling 
endosome when the C-terminal tail of MyoVb is overexpressed. 	
The BLOC-1 complex is thought to function at the recycling endosome tubules 
that extend from sorting endosomes to direct cargos into the recycling endosome 
and lysosome (Delevoye et al., 2016; Dennis et al., 2016; Di Pietro et al., 2006; 
Ryder et al., 2013; Salazar et al., 2006; Setty et al., 2007). Because the recycling 
endosome is localized at the base of the cilium (Westlake et al., 2011), we 
questioned whether the function of BLOC-1 in trafficking polycystin-2 to cilia 
might involve its trafficking to or through the recycling endosome. To disrupt 
trafficking through the recycling endosome, we expressed a fragment of MyoVb 
that acts as a dominant negative on trafficking through this compartment 
(Lapierre et al., 2001; Volpicelli et al., 2002). The MyoVb dominant negative 
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fragment contains the C-terminal Rab11-binding domain but lacks the motor 
domain, allowing the fragment to bind Rab11-containing vesicles and interfere 
with their transport. GFP-MyoVb C-terminal tail colocalizes with the recycling 
endosome marker Rab11 (Fig. II-16, A) but not with the Golgi markers IFT20 
(Fig. II-16, B) and GMAP210 (Fig. II-16, C). Expression of the MyoVb fragment 
induces compaction of the Golgi complex (Fig. II-16, B and C) but had only a 
small effect on cilia length (Fig. II-17, Ad and Bd). 
 We were unable to package the MyoVb expression vector into lentivirus, 
as it appears to interfere with some step of the process, and had to rely on 
electroporation to deliver the construct. MEK cells are difficult to transfect and so 
we used normal rat kidney (NRK) cells, which also have high levels of ciliary 
polycystin-2 and are easy to transfect. NRK cells transfected with GFP-MyoVb 
accumulated polycystin-2 at the recycling endosome (Figs. II-17, Aa; and II-18, A 
and B) and had a significant decrease in the steady-state levels of ciliary 
polycystin-2 (Fig. II-17, Ab and Ac). Additionally, we observed a moderate 
accumulation of endogenous Arl13b at the recycling endosome upon GFP-
MyoVb overexpression (Fig. II-17 Aa). 
To examine the effect of the MyoVb construct on trafficking of smoothened 
to the cilium, we used Ift27-/- NIH 3T3 cells as the lack of IFT27 causes 
smoothened to accumulate to high levels in cilia (Eguether et al., 2014). 
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Figure II-16: GFP-MyoVb colocalizes with the recycling endosome marker 
Rab11 and induces compaction of the Golgi complex. 
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Figure II-16. GFP-MyoVb colocalizes with the recycling endosome marker 
Rab11 and induces compaction of the Golgi complex. 	
(A) NRK and NIH 3T3 Ift27-/- cells expressing GFP-MyoVb C-terminal tail. (Aa) 
Selected images of NRK control and GFP-MyoVb expressing cells stained with 
Rab11 antibody (red), GFP-MyoVb (green), and nuclei detected with DAPI (blue). 
Scale bar is 10 µm. (Ab) Selected images of NIH 3T3 Ift27-/- control and GFP-
MyoVb expressing cells stained with Rab11 antibody (red), GFP-MyoVb (green), 
and nuclei detected with DAPI (blue). Scale bar is 10 µm. GFP-MyoVb 
colocalizes with the recycling endosome marker Rab11 (arrows). (B and C) Golgi 
classification and GFP-MyoVb expression induces Golgi compaction. (Ba) 
Selected images of IMCD3 cells stained with IFT20 antibody (red) and nuclei 
detected with DAPI (blue) or (Ca) GMAP210 antibody (red) and nuclei detected 
with DAPI (blue). Class 1: cells with noncompact Golgi around the nucleus. Class 
2: cells with compact Golgi. Scale bars are 10 µm. (Bb) Selected images of 
IMCD3 cells stained with IFT20 antibody (red), GFP-MyoVb (green), and nuclei 
detected with DAPI (blue). GFP-MyoVb does not colocalize with IFT20 at the 
Golgi. Scale bar is 10 µm. (Cb) Selected images of IMCD3 cells stained with 
GMAP210 antibody (red), GFP-MyoVb (green), and nuclei detected with DAPI 
(blue). GFP-MyoVb does not colocalize with GMAP210 at the Golgi. Scale bar is 
10 µm. (Bc and Cc) GFP-MyoVb expression induces compaction of the Golgi 
complex. n = 95 cells per experimental group. 
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Figure II-17: Ciliary levels of polycystin-2 but not smoothened are reduced 
in GFP-MyoVb overexpressing cells. 
	 114 
Figure II-17. Ciliary levels of polycystin-2 but not smoothened are reduced 
in GFP-MyoVb overexpressing cells.  	
(A) NRK cells expressing GFP-MyoVb C-terminal tail. (Aa) Polycystin-2 (Pkd2) 
antibody staining (red), Arl13b antibody staining (green), and GFP-MyoVb (blue). 
Polycystin-2 and Arl13b co-localize with GFP-MyoVb at the recycling endosome 
(arrows). Scale bar is 10 µm. Insets are 150% enlargements of the cilia. (Ab) 
Mean steady-state ciliary polycystin-2 is decreased (Ac) ciliary polycystin-2/cilia 
is reduced, and (Ad) no difference in mean cilia length in NRK cells expressing 
GFP-MyoVb. (B) NIH 3T3 Ift27-/- cells expressing GFP-MyoVb C-terminal tail. 
(Ba) Smoothened (Smo) antibody staining (red), GFP-MyoVb (green), and IFT88 
antibody staining (blue). Modest levels of smoothened co-localizes with GFP-
MyoVb at the recycling endosome (arrows). Scale bar is 10 µm. Insets are 150% 
enlargements of the cilia. (Bb) No difference in mean steady-state ciliary 
smoothened, (Bc) total ciliary smoothened/length is decreased, and (Bd) no 
difference in mean ciliary length in GFP-MyoVb expressing cells. n = 102 cilia per 
experimental group. Error bars are standard error of the mean. The data was 
analyzed with unpaired student t-test. * p < 0.05, ** p < 0.01, **** p < 0.0001 and 
ns = non-significant. 
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Figure II-18: Polycystin-2 and smoothened accumulate in Rab11 positive 
endosomes when GFP-MyoVb is expressed. 
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Figure II-18. Polycystin-2 and smoothened accumulate in Rab11 positive 
endosomes when GFP-MyoVb is expressed. 	
(A) Selected images of NRK control and GFP-MyoVb expressing cells stained 
with polycystin-2 (Pkd2) antibody (red), Rab11 antibody (green), and GFP-
MyoVb (blue). A cilium positive for polycystin-2 is marked by an asterisk in the 
NRK control. Note the bolus accumulation of polycystin-2 in Rab11 positive 
endosomes and the lack of ciliary polycystin-2 staining when GFP-MyoVb is 
expressed. Insets are 200% enlargements of Rab11 positive endosomes. Scale 
bar is 10 µm. (B) Quantification of mean polycystin-2 fluorescence levels from 
Rab11 positive endosomes. There is a significant accumulation of polycystin-2 in 
Rab11 positive endosomes when GFP-MyoVb is expressed. n = 55 Rab11 
positive endosome puncta groups. (C) Selected images of NIH 3T3 Ift27 -/- and 
GFP-MyoVb expressing cells stained with smoothened (Smo) antibody (red), 
Rab11 antibody (green), and GFP-MyoVb (blue). Cilia positive for smoothened 
are marked by asterisks in the NIH 3T3 Ift27 -/- control and GFP-MyoVb 
expressing cells. Note the minimal accumulation of smoothened in Rab11 
positive endosomes and the presence of ciliary smoothened staining in the GFP-
MyoVb expressing cells. Insets are 200% enlargements of Rab11 positive 
endosomes. Scale bar is 10 µm. (D) Quantification of mean smoothened 
fluorescence levels from Rab11 positive endosomes. There is a minimal yet 
significant accumulation of smoothened in Rab11 positive endosomes when 
GFP-MyoVb is expressed. n = 55 Rab11 positive endosome puncta groups. Error 
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bars are standard error of the mean. The data was analyzed with unpaired 
student t-test. ** p < 0.01 and **** p < 0.0001. 
	 118 
Expression of GFP-MyoVb C-terminal tail in these cells resulted in a moderate 
accumulation of smoothened in the recycling endosome (Figs. II-17 Ba; and II-
18, C and D), but there was no difference in ciliary smoothened levels (Fig. II-17, 
Bb and Bc). 
 We went on to use a Flag-MyoVb construct in our pulse-chase trafficking 
assays for fibrocystin, polycystin-2, and smoothened. We observed a bolus of 
polycystin-2 co-localizing with the Flag-MyoVb in the recycling endosome after 
Golgi release (Fig. II-19, A). There is a decrease in both the ciliary length (Fig. II-
19, B) and ciliary trafficking of polycystin-2 (Fig. II-19, C and D) in the Flag-
MyoVb overexpressing cells. However, trafficking of fibrocystin and smoothened 
were not affected by the expression of the MyoVb dominant negative construct 
(Fig. II-20). 
To determine whether knockdown of the exocyst or BLOC-1 components 
results in accumulation of endogenous polycystin-2 in endosome cellular 
compartments, we stained our shRNA MEK cell lines with the recycling 
endosome marker Rab11 (Fig. II-21). We did not detect accumulation of 
polycystin-2 in Rab11 positive endosomes in our exocyst or BLOC-1 knockdowns 
(Fig. II-21, B). 
Ciliary Polycystin-2 is reduced by overexpression of dominant negative 
Rab11a. 	
To obtain more evidence that polycystin-2 is utilizing the recycling endosome for 
trafficking to the primary cilium, we measured ciliary polycystin-2 levels in cells 
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Figure II-19: Overexpression of MyoVb perturbs polycytin-2 trafficking to 
the primary cilium. 
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Figure 11-19. Overexpression of MyoVb perturbs polycytin-2 trafficking to 
the primary cilium. 	
(A) Selected trafficking images of Polycystin-2-GFP-SNAP IMCD Flp-In cells 
overexpressing Flag-MyoVb C-terminal tail. GFP and Arl13b antibody staining 
(green), SNAP TMR STAR (red), and Flag-MyoVb (blue). Insets depict newly 
synthesized Polycystin-2-GFP-SNAP trafficking to the cilium in control or Flag-
MyoVb overexpressing cells. Insets also show accumulation of newly 
synthesized Polycystin-2-GFP-SNAP in the recycling endosome in the Flag-
MyoVb overexpressing cells. Insets are 200% enlargements of the cilia and 
170% enlargements of the recycling endosome. Scale bar is 10 µm. (B) Mean 
cilia length of Polycystin-2-GFP-SNAP IMCD Flp-In control and Flag-MyoVb 
overexpressing cells after the Golgi release. Cilia are shorter in Flag-MyoVb 
overexpressing cells. (C) Mean SNAP ciliary fluorescence of Polycystin-2-GFP-
SNAP delivery to the cilium after Golgi release. Polycystin-2 ciliary trafficking 
decreased in Flag-MyoVb overexpressing cells. (D) Linear regression slope 
values of newly synthesized Polycystin-2-GFP-SNAP in IMCD Flp-In control and 
Flag-MyoVb overexpressing cells after the Golgi release utilizing data points 
taken at 0,1, 2, 4, 6 hrs. Mean SNAP ciliary fluorescence and mean ciliary length 
were plotted from three independent experiments in which 30 cilia were 
quantified for each condition (Control and Flag-MyoVb) at each time point (n = 90 
total cilia per time point). Error bars represent standard error of the mean. The 
data was analyzed with unpaired student t-test. * p < 0.05, ** p < 0.01, **** p < 
0.0001 and ns = non-significant. 
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Figure II-20: Overexpression of MyoVb-GFP does not perturb fibrocystin or 
smoothened trafficking to the primary cilium. 
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Figure II-20. Overexpression of MyoVb-GFP does not perturb fibrocystin or 
smoothened trafficking to the primary cilium. 	
(A) Mean cilia length of CD8-FibrocystinCTS-SNAP and (B) Smoothened-SNAP-
GFP IMCD Flp-In control and Flag-MyoVb expressing cells after Golgi release. 
(C) Mean SNAP ciliary fluorescence of CD8-FibrocystinCTS-SNAP and (D) 
Smoothened-SNAP-GFP delivery to the cilium in IMCD Flp-In control and Flag-
MyoVb expressing cells after Golgi release. The mean SNAP ciliary fluorescence 
and ciliary length were plotted from three independent experiments in which 30 
cilia were quantified for each condition (Control and Flag-MyoVb) at each time 
point (n = 90 total cilia per time point). (E) Linear regression slope values of 
newly synthesized CD8-FibrocystinCTS-SNAP and (F) Smoothened-SNAP-GFP 
in IMCD Flp-In control and Flag-MyoVb expressing cells after Golgi release at 
either 0, 1, 2 hrs or 0, 1, 2, 4, 6 hrs. Slope values between control and Flag-
MyoVb groups were compared to one another to determine statistical 
significance. Error bars represent standard error of the mean. The data was 
analyzed with unpaired student t-test. * p < 0.05, ** p < 0.01, **** p < 0.0001 and 
ns = non-significant. 
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Figure II-21: Polycystin-2 is not detected in Rab11 positive endosomes 
when either the Exocyst or BLOC-1 is knocked down.	
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Figure II-21. Polycystin-2 is not detected in Rab11 positive endosomes 
when either the Exocyst or BLOC-1 is knocked down.  	
(A) Selected images of MEK control, NS-shRNA, Exo70 shRNA #1, Exo70 
shRNA #2, Sec8 shRNA #1, Sec8 shRNA #2, Pallidin shRNA #1, Pallidin shRNA 
#2, Dysbindin shRNA #1, and Dysbindin shRNA #2 cells stained with polycystin-
2 (Pkd2) antibody (red), Rab11 antibody (green), and nuclei detected with DAPI 
(blue). Scale bar is 10 µm. Insets are 150% enlargements of Rab11 positive 
endosomes. (B) Quantification of mean polycystin-2 fluorescence levels from 
Rab11 positive endosomes. There is no statistical difference between the control 
and experimental groups. n = 50 Rab11 positive endosome puncta groups. Error 
bars are standard error of the mean. The data was analyzed with One-way 
ANOVA and Bonferroni multiple comparisons test. ns = non-significant. 
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expressing wild type or mutant forms of Rab11a that are thought to disrupt the 
recycling endosome (Hehnly and Doxsey, 2014). Overexpressing wild type 
Rab11a, or Rab11aQ70L, which is thought to block GTP hydrolysis and keep the 
protein in a constitutively active GTP-bound form had no effect on ciliary levels of 
polycystin-2. However, overexpressing Rab11aS25N, which is thought to act as 
a dominant negative by binding guanine exchange factors, reduced ciliary 
polycystin-2 levels (Fig. II-22, A, B, C). None of these constructs affected ciliary 
length (Fig. II-22, D). Our finding that ciliary polycystin-2 levels are reduced in 
cells expressing Rab11aS25N is consistent with dominant negative forms of 
Rab11 disrupting the recycling endosome (Hehnly and Doxsey, 2014; Westlake 
et al., 2011) and further supports our model that polycystin-2 is trafficked to cilia 
through the recycling endosome. 
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Figure II-22: Rab11aS25N expression perturbs polycystin-2 trafficking to 
the primary cilium. 
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Figure II-22. Rab11aS25N expression perturbs polycystin-2 trafficking to 
the primary cilium. 	
(A) Selected images of NRK cells expressing Flag-Rab11a, Flag-Rab11aS25N, 
or Flag-Rab11aQ70L stained for polycystin-2 (Pkd2) antibody (red), acetylated 
tubulin (6-11B-1) antibody (green), and Flag antibody (blue). Scale bar is 10 µm. 
Insets are 200% enlargements of the cilia. (B) Quantification of mean total ciliary 
polycystin-2 levels. Ciliary polycystin-2 is reduced in Flag-Rab11aS25N 
expressing cells. (C) Quantification of mean total ciliary polycystin-2/cilia length. 
Ciliary polycystin-2 per cilium length is reduced in Flag-Rab11aS25N expressing 
cells. (D) Quantification of mean cilia length. There is no difference in ciliary 
assembly when the Rab11a constructs are expressed. n = 85 cilia per 
experimental group. Error bars are standard error of the mean. The data was 
analyzed with One-way ANOVA and Bonferroni multiple comparisons test. **** p 
< 0.0001 and ns = non-significant. 
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Chapter III : Discussion 	
Cilia monitor the extracellular environment through specific receptors 
concentrated in their membranes, but we know little about how membrane 
proteins reach this organelle. Our prior work showed that IFT20 was required for 
delivery of polycystin-2 to primary cilia and rhodopsin to photoreceptor outer 
segments. IFT20 localizes to the Golgi complex by interaction with the golgin 
protein GMAP210 and is part of the IFT complex localized at cilia. This dual 
localization suggests that IFT20 could sort or traffic vesicles destined for the 
cilium, but details of how it accomplishes this are lacking. In our present work, we 
find that IFT20 interacts with the exocyst and the BLOC-1 complexes and we find 
that polycystin-2, fibrocystin, and smoothened each have unique requirements 
for delivery to cilia. Fibrocystin requires IFT20-GMAP210 and the exocyst. 
Polycystin-2 requires IFT20-GMAP210, the exocyst, and BLOC-1. However, 
smoothened delivery is largely independent of all of these proteins. 
The exocyst was required for the delivery of polycystin-2 and fibrocystin to 
cilia. This complex consists of eight proteins (Sec3/Exoc1, Sec5/Exoc2, 
Sec6/Exoc3, Sec8/Exoc4, Sec10/Exoc5, Sec15/Exoc6, Exo70/Exoc7, and 
Exo84/Exoc8) conserved from yeast to mammals (Heider et al., 2016; Kee et al., 
1997; TerBush et al., 1996). The exocyst tethers vesicles at target sites prior to 
membrane fusion (Heider and Munson, 2012; Luo et al., 2014). In polarized cells, 
the exocyst localizes along sites of secretion on the lateral membrane and at the 
base of the cilium (Grindstaff et al., 1998; Mazelova et al., 2009b; Rogers et al., 
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2004). Knockdown of Sec10 disrupts ciliogenesis in MDCK cells and targeted 
deletion of Sec10 in the mouse kidney causes ciliary defects and cyst formation 
(Fogelgren et al., 2015; Seixas et al., 2016; Zuo et al., 2009). We found that 
IFT20 interacted with the Exo70 and Sec8 subunits. However, it is likely that 
IFT20 interacts with the entire exocyst complex as the Sec10 subunit also 
interacts with IFT20 and a large-scale proteomic study found IFT20 binding to 
multiple components (Exoc3, Exoc7, Exoc5, Exoc6B) (Fogelgren et al., 2011; 
Huttlin et al., 2015). We found that the localization of the exocyst at the base of 
the cilium is independent of IFT20, indicating that the exocyst is not delivered by 
IFT. This suggests the exocyst may capture or anchor vesicles containing ciliary 
cargos at the base of the cilium before membrane fusion. Because the exocyst 
can interact with IFT proteins, it may facilitate connections between ciliary 
membrane proteins and the IFT complex before entry into the cilium. However, 
the exocyst also interacts with BLOC-1 proteins, so it may have roles in capturing 
ciliary cargos from the endosome (Fig. III-1). 
The BLOC-1 complex, which was required for trafficking of polycystin-2 to 
cilia contains eight proteins (pallidin, dysbindin, muted, snapin, cappuccino, 
BLOS1, BLOS2, and BLOS3) (Ciciotte et al., 2003; Falcon-Perez et al., 2002; Li 
et al., 2003; Moriyama and Bonifacino, 2002; Mullin et al., 2011; Starcevic and 
Dell'Angelica, 2004). This complex is best known for trafficking of proteins from 
the endosome system to the lysosome and lysosome-related organelles such as 
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Figure III-1: Fibrocystin, polycystin-2 and smoothened take different 
trafficking routes to the primary cilium. 
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Figure III-1. Fibrocystin, polycystin-2, and smoothened take different 
trafficking routes to the primary cilium. 	
(A) Summary of the trafficking rates of membrane protein delivery from the Golgi 
apparatus to the cilium. Membrane proteins are listed horizontally. shRNAs and 
MyoVb C-terminal tail expression are listed on the left side. Large arrow: > 40% 
decrease in the trafficking rate compared to the control, small arrow: < 40% 
decrease in the trafficking rate compared to the control, and equal sign: < 30% 
decrease in the trafficking rate compared to the control. (B) IFT20 localizes at the 
cis Golgi compartment where it interacts with the vesicle tethering golgin 
GMAP210. IFT20 also localizes to the medial Golgi compartment, the cilium, and 
the basal body. Subunits of the exocyst localize to the basal body. Exocyst 
subunits Exo70 and Sec8 interact with IFT20. BLOC-1 also interacts with the 
exocyst. The exocyst tethers vesicles containing ciliary membrane protein cargo 
to the base of the cilium prior to SNARE-mediated fusion. We propose that 
fibrocystin is utilizing the direct trafficking pathway because it is affected only by 
knockdown of the IFT20-GMAP210 complex and the exocyst. Smoothened is 
likely using the lateral trafficking pathway because its delivery to cilia is not 
greatly affected by the knockdown of the IFT20-GMAP210 complex, and it is not 
affected by the knockdown of the exocyst or BLOC-1. The BLOC-1 subunit 
pallidin localizes to the basal body and its localization is partially dependent on 
IFT20. Pallidin interacts with IFT20 and polycystin-2. Knockdown of the BLOC-1 
subunits pallidin and dysbindin affects the trafficking of polycystin-2 but not 
fibrocystin or smoothened. MyoVb C-terminal tail overexpression reduced ciliary 
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polycystin-2 levels and caused its accumulation at the recycling endosome. 
Additionally, expression of dominant negative Rab11aS25N perturbs polycystin-2 
ciliary trafficking. This suggests that polycystin-2 is trafficked to the cilium through 
the recycling endosome. IFT20, BLOC-1, and the exocyst are acting together to 
deliver polycystin-2 cargo from the recycling endosome to the primary cilium. 
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melanosomes and platelet dense-granules (Di Pietro et al., 2006; Setty et al., 
2008; Setty et al., 2007; Sitaram et al., 2012). BLOC-1 defects cause 
Hermansky-Pudlak syndrome, in which patients exhibit severe hypopigmentation 
and defects in platelet aggregation (Morgan et al., 2006). Recently BLOC-1 has 
been connected to schizophrenia, as a leading susceptibility gene encodes the 
dysbindin subunit, and brain tissue from schizophrenia patients have reduced 
dysbindin mRNA and protein levels (Mullin et al., 2011; Talbot et al., 2004; 
Weickert et al., 2008). The involvement of BLOC-1 in schizophrenia is not clear, 
however BLOC-1 is involved in dopamine and glutamate release (Kumamoto et 
al., 2006; Numakawa et al., 2004). Additionally, BLOC-1 regulates membrane 
protein targeting to synaptic vesicles and delivery of dopamine receptors to the 
cell surface (Iizuka et al., 2007; Ji et al., 2009; Larimore et al., 2011; Marley and 
von Zastrow, 2010b; Newell-Litwa et al., 2009). 
Before our work, the BLOC-1 complex had no ciliary connections. 
However, we found interactions of BLOC-1 components with IFT20 and 
polycystin-2 and a requirement for this complex in the transport of polycystin-2 to 
cilia. Our finding that BLOC-1 is required for ciliary trafficking of polycystin-2 to 
cilia suggests that defects in BLOC-1-encoding genes should cause cystic 
kidneys. Previous studies showed that BLOC-1 mouse models have lower rates 
of lysosomal enzyme secretion into urine but no other analysis of kidney 
structure or function has been done (Novak and Swank, 1979). We found that 
young Dtnbp1sdy/sdy and Pldnpa/pa mice had dilations of the collecting ducts, 
	 134 
suggesting that they may become cystic with age. A second cohort of mice was 
aged twelve months. The animals have lung fibrosis, and most did not survive 
the year (McGarry et al., 2002). The survivors did not have prominent cystic 
disease, unlike the phenotype of Pkd2 and Ift20 mutant animals (Jonassen et al., 
2008; Wu et al., 1998). However, both Dtnbp1sdy/sdy and Pldnpa/pa animal models 
showed significant dilation of the collecting ducts and proximal tubules. 
Additionally, Dtnbp1sdy/sdy mice have reduced ciliation and shortened cilia, which 
is similar to what we observed in cell culture after knockdown. This suggests that 
that BLOC-1 defects trigger increased proliferation of tubule cells, but 
compensatory mechanisms keep the tubules from greatly expanding. We also 
noted increased numbers of abnormally positioned nuclei in the Dtnbp1sdy/sdy and 
Pldnpa/pa proximal tubules. The disrupted nuclei positioning in the Dtnbp1sdy/sdy 
and Pldnpa/pa animals may be indicative of a loss of cell polarization within the 
kidney tubule. Little is known about this phenotype but aberrant nuclei positioning 
is associated with pathology in muscular dystrophy and hearing loss (Gundersen 
and Worman, 2013; Horn et al., 2013; Lei et al., 2009; Sullivan et al., 1999; 
Zhang et al., 2007).  
BLOC-1 localizes to recycling endosome tubules that extend from sorting 
endosomes, where it controls tubule formation and trafficking of membrane 
proteins to melanosomes (Delevoye et al., 2016; Dennis et al., 2016; Di Pietro et 
al., 2006; Ryder et al., 2013; Salazar et al., 2006; Setty et al., 2007). Given that 
BLOC-1 is involved in polycystin-2 trafficking, we hypothesized that polycystin-2 
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is traversing the recycling endosome compartment before delivery to the cilium. 
To perturb trafficking through the recycling endosome we expressed the C-
terminal tail of the myosin motor MyoVb (Lapierre et al., 2001; Volpicelli et al., 
2002). This MyoVb fragment interacts with Rab11 but lacks motor activity 
(Lapierre et al., 2001). This construct caused polycystin-2 to accumulate in the 
recycling endosome and reduced the amount on cilia. In addition, expression of 
the Rab11aS25N dominant negative form of Rab11a perturbs ciliary polycystin-2 
trafficking. While this is the first demonstration of a protein traveling through the 
recycling endosome to reach the cilium, the recycling endosome is involved in 
the early steps of cilia formation and the recycling endosome remains at the 
centrosome after ciliary assembly (Hehnly et al., 2012; Hehnly and Doxsey, 
2014; Westlake et al., 2011). In addition to our data, other connections between 
the endosome system and trafficking of polycystin-2 to cilia are beginning to 
emerge. The lipid kinase PI3K-C2α localizes to the pericentriolar-recycling 
endosome at the base of the cilium and knockdown of this kinase reduced ciliary 
polycystin-2 (Franco et al., 2016). Similarly, knockdown of the endosome protein 
SDCCAG3 reduces ciliary polycystin-2 (Yu et al., 2016). 
Summary 	
Our work uncovered previously unappreciated complexity in membrane protein 
trafficking pathways to cilia (Fig. III-1). These pathways include an IFT20-
independent pathway where proteins travel to the plasma membrane before 
lateral diffusion into the cilium. A second, IFT20- and exocyst-dependent 
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pathway from the Golgi complex to the ciliary base and a third endosomal 
pathway whereby proteins traverse the recycling endosome on the way to the 
cilium. This complexity suggests that through evolution, the cell customized 
preexisting cellular trafficking pathways and machineries to generate distinct 
ciliary membrane protein trafficking routes. 
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Chapter IV : Materials and Methods 
Cell Culture 	
NRK, IMCD3 (Rauchman et al., 1993), and IMCD3 Flp-In (Mukhopadhyay et al., 
2010) cells were grown in 47.5% DMEM (4.5 g/L glucose) 47.5% F12, 5% fetal 
bovine serum (FBS), 100 U/ml penicillin, and 100 g/ml streptomycin (all from 
Gibco-Invitrogen) at 37°C in 5% CO2. MEK cells were grown in the same culture 
medium described above but with 10% FBS. NIH 3T3 cells were cultured in 90% 
DMEM (4.5 g/L glucose), 10% FBS, 100 U/ml penicillin, and 100 g/ml 
streptomycin (Gibco-Invitrogen). Cells were serum-starved for 48 hrs to induce 
ciliation in their described culture medium but with 0.25% FBS. 
DNA Constructs 	
The open reading frames of MmKXD1 (NM_029366.2), MmPallidin 
(NM_019788.3) and MmExo70 (AF014461.1) were amplified from mouse kidney 
cDNA using primers that placed them in frame with the Flag epitope pJAF113 
(Follit et al., 2009) to generate constructs WJM1, WJM2, and FX70 respectively. 
Flag-GFP (JAF146), Flag-MmIFT54 (FX34), Flag-MmIFT25 (JAF143) and Flag-
MmIFT20 (JAF134) were previously described (Follit et al., 2009). The OcMyoVb 
(AF176517.1) C-terminal tail was amplified from GFP-OcMyoVb C-terminus 
(Lapierre et al., 2001; Volpicelli et al., 2002) and cloned into pJAF113 to generate 
WJM30. Flag-MmRab11a (NM_017382.5) was amplified and Gibson assembled 
into a lenti-viral pHAGE vector to generate GP730. Gibson assembly 
	 138 
mutagenesis was utilized to generate Flag-MmRab11aS25N (GP731) and Flag-
MmRab11aQ70L (GP733). The coding sequences of HsCD8-
MmFibrocystinCTS-SNAP (JAF271), HsPolycystin-2(1-703)-GFP-SNAP 
(pJag689) (a gift from J. Shah, Harvard Medical School, Boston, MA), and 
MmSmoothened-SNAP-GFP (JAF250) were amplified and TA-cloned into pCR8-
GW-Topo vector (Invitrogen) to make entry clones. The entry clones were 
gateway-cloned into the destination vector pEF5B-FRT-DEST using Gateway LR 
Clonase II Enzyme Mix (Invitrogen) to generate the respective Flp-In expression 
clones WJM8, WJM15 and WJM6. All DNA constructs were verified by 
sequencing.  
Flp-In System 	
The Flp-In system comprises of a construct encoding the Flp recombinase 
pCAGGS-FlpE (Addgene) and the Flp-In expression clone in the pEF5B-FRT-
DEST backbone, a gift from M. Nachury (Stanford University School of Medicine, 
Stanford, CA). pCAGGS-FlpE and the expression clone were electroporated 
(BioRad) into IMCD3 Flp-In cells (a gift from P. Jackson, Stanford University 
School of Medicine, Stanford, CA), in the following proportions: pCAGGS-FlpE, 
9; expression clone: 1. Starting 48 hrs after electroporation, cells were drug 
selected with 4 µg/ml of blasticidin for 72 hrs. Colonies were recovered after 1 – 
2 weeks in culture and screened by immunofluorescence. 
Lenti-shRNA Production 	
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All lenti-shRNAs are in the pGIPZ vector backbone (Open Biosystems/GE 
Dharmacon). The lenti-shRNA system comprises of two packaging vectors 
(psPAX2 and pMD2.G; Addgene). The virus was packaged by cotransfecting 1.2 
x 106 human embryonic kidney (HEK) 293T cells per well of a six-well cell culture 
plate with the lenti-shRNA pGIPZ vector and the two packaging vectors in the 
following proportions: pGIPZ, 2; psPAX2, 2; pMD2.G, 1. Effectene (Qiagen) 
transfection reagent was used. After 48 hrs, the virus was harvested and filtered 
through a 0.45 µm filter. Virus was concentrated using Lenti-x concentrator 
(Clontech) and the pellet was resuspended in 80% DMEM (4.5 g/L glucose), 20% 
FBS, 100 U/ml penicillin, 100 g/ml streptomycin, and 5 µg/ml polybrene (Sigma). 
Virus was finally added to cells plated at 1.25 x 105 cells per well of a six-well cell 
culture plate. Cells were infected for 72 hrs before being drug selected with 1 
µg/ml of puromycin for 72 hrs. 
Full hairpin sequence (mature antisense sequences are bold-face type): 
IFT20 shRNA #1: 5’ – 
TGCTGTTGACAGTGAGCGCGGTCTAATTGAGCTTGTTGATTAGTGAAGCCA
CAGATGTAATCAACAAGCTCAATTAGACCATGCCTACTGCCTCGGA – 3’ 
IFT20 shRNA #2: 5’ – 
TGCTGTTGACAGTGAGCGAAAGGACTTTGTGGACAAAATTTAGTGAAGCCA
CAGATGTAAATTTTGTCCACAAAGTCCTTGTGCCTACTGCCTCGGA – 3’ 
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GMAP shRNA #1: 5’ – 
TGCTGTTGACAGTGAGCGCCGGTTGACAGTGATAACAATTTAGTGAAGCCA
CAGATGTAAATTGTTATCACTGTCAACCGATGCCTACTGCCTCGGA – 3’ 
GMAP shRNA #2: 5’ – 
TGCTGTTGACAGTGAGCGACAGCTGTTTGCAGAAGATCAATAGTGAAGCCA
CAGATGTATTGATCTTCTGCAAACAGCTGCTGCCTACTGCCTCGGA – 3’ 
Exo70 shRNA #1: 5’ – 
TGCTGTTGACAGTGAGCGACTGGCTAAAGGTGACTGACTATAGTGAAGCCA
CAGATGTATAGTCAGTCACCTTTAGCCAGCTGCCTACTGCCTCGGA – 3’ 
Exo70 shRNA #2: 5’ – 
TGCTGTTGACAGTGAGCGACGCCATCTTCCTACACAACAATAGTGAAGCCA
CAGATGTATTGTTGTGTAGGAAGATGGCGCTGCCTACTGCCTCGGA – 3’ 
Sec8 shRNA #1: 5’ – 
TGCTGTTGACAGTGAGCGAATCGTGGAGAAGACAGTACAATAGTGAAGCCA
CAGATGTATTGTACTGTCTTCTCCACGATGTGCCTACTGCCTCGGA – 3’ 
Sec8 shRNA #2: 5’ – 
TGCTGTTGACAGTGAGCGAATCGTTCAGCACTACACAGAATAGTGAAGCCA
CAGATGTATTCTGTGTAGTGCTGAACGATCTGCCTACTGCCTCGGA – 3’ 
Pallidin shRNA #1: 5’ – 
TGCTGTTGACAGTGAGCGCACCAAGTTGTGTTACTAGATATAGTGAAGCCA
CAGATGTATATCTAGTAACACAACTTGGTTTGCCTACTGCCTCGGA – 3’ 
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Pallidin shRNA #2: 5’ – 
TGCTGTTGACAGTGAGCGAGGCGATAGAGAGATCGATAAATAGTGAAGCCA
CAGATGTATTTATCGATCTCTCTATCGCCCTGCCTACTGCCTCGGA – 3’ 
Dysbindin shRNA #1: 5’ – 
TGCTGTTGACAGTGAGCGACAGGTGCTTAGAGGTTTTCAATAGTGAAGCCA
CAGATGTATTGAAAACCTCTAAGCACCTGGTGCCTACTGCCTCGGA – 3’ 
Dysbindin shRNA #2: 5’ – 
TGCTGTTGACAGTGAGCGCCCGAAGTACTCTGCTGGACTATAGTGAAGCCA
CAGATGTATAGTCCAGCAGAGTACTTCGGTTGCCTACTGCCTCGGA – 3’ 
pHAGE Lentivirus Production 	
Lentivirus production using the pHAGE system was previously described 
(Eguether et al., 2014). In brief, the pHAGE system utilizes four packaging 
vectors (Tat, Rev, Gag/Pol, and VSV-G). The virus was packaged by co-
transfecting 1.2 x 106 HEK 293T cells per well of a six-well cell culture plate with 
the backbone vector and the four packaging vectors in the following proportions 
(Backbone: 5, Tat: 0.5, Rev: 0.5, Gag/Pol: 0.5, VSV-G: 1) using Effectene 
(Qiagen) transfection reagent. After 48 hrs, the virus was harvested and filtered 
through a 0.45 µm filter. Virus was concentrated using Lenti-x concentrator 
(Clontech) and resuspended in 47.5% DMEM (4.5 g/L glucose) 47.5% F12, 10% 
FBS, 100 U/ml penicillin, and 100 g/ml streptomycin and 5 µg/ml polybrene 
(Sigma). Virus was added to cells plated at 1.25 x 105 cells per well of a six-well 
cell culture plate. After 48 hrs, the medium was changed and the cells drug 
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selected with 50 µg/ml of Nourseothricin N-acetyl transferase (Kochupurakkal 
and Iglehart, 2013) (Sigma) for 72 hrs. 
Fluorescence Pulse-Chase Trafficking Assay 	
The fluorescence pulse-chase assay was previously described (Follit and 
Pazour, 2013; Follit et al., 2014). In brief, cells expressing DNA constructs fused 
to the SNAP tag were incubated with 0.04 µM cell permeable nonfluorescent 
benzylguanine block (SNAP-Cell Block; New England Biolabs) for 20 minutes to 
block all binding sites on the SNAP tag. The cells were then washed three times 
with complete growth media and were allowed to synthesize new protein for 1.5 
hrs. Next, a final concentration of 20 mM HEPES, pH 7.4 and 150 µg/ml 
cycloheximide was added. The temperature was shifted to 19˚C for 2 hrs to allow 
accumulation of newly synthesized protein at the Golgi apparatus. The cells were 
shifted back to 37˚C, allowing newly synthesized protein to be released from the 
Golgi. Cells were fixed at the indicated time points and labeled with 0.3 µM 
fluorescent SNAP-TMR STAR (New England Biolabs). 
Immunofluorescence 	
Immunofluorescence microscopy was described previously (Follit et al., 2006). 
Cells were grown on coverslips and fixed for 15 minutes with 2% 
paraformaldehyde in PHEM (0.05 M Pipes, 0.025 M HEPES, 0.01 M EGTA, 0.01 
M MgCl2, pH 7.2) followed by membrane permeabilization with 0.1% Triton X-100 
in PHEM with 2% paraformaldehyde for 2 minutes. In some instances, cells were 
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treated with 0.05% SDS in PBS for 5 min to recover antigens. To visualize basal 
bodies, cells were pre-extracted with 0.1% Triton X-100 in PHEM for 1 minute, 
followed by fixation in cold 100% methanol for 10 minutes. Cells were washed 
with 1X phosphate buffered saline (PBS) and blocked in 1% bovine serum 
albumin in 1X TBST (150 mM NaCl, 1% Tween 20, 50 mM Tris pH 7.5) for 1 hr. 
Primary antibodies were diluted in blocking solution and incubated for 2 hrs at 
room temperature. Cells were washed four times with blocking solution over 20 
minutes. Next, they were incubated with 1:2000 dilutions of either Alexa -488, -
568, -594, -647, and 680-conjugated IgG anti-mouse or IgG anti-rabbit (Thermo 
Fisher), SNAP TMR STAR (New England Bio Labs) for 1 hr. Cells were then 
washed again with blocking solution followed by three washes with 1X PBS. 
Coverslips were mounted onto slides with prolong medium (Molecular Probes).  
Immunoprecipitations and Immunoblotting 	
Immunoprecipitation assays were previously described (Follit et al., 2009). Cells 
were washed once with cold 1X PBS + 1mM PMSF. They were lysed with Cell 
lytic buffer (Sigma) supplemented with 0.1 % NP-40 (Sigma), 0.1% CHAPSO 
(BioRad) and 1X Complete Protease Inhibitors (Roche) then rotated at 4˚C for 10 
minutes. After centrifugation, the supernatant was incubated with pre-washed 
Anti-Flag M2 affinity gel beads (Sigma) for 90 minutes at 4˚C. The beads were 
washed three times with TBST (300 mM NaCl, 1% Tween 20, 50 mM Tris pH 
7.5), followed by three washes with TBS (150 mM NaCl, 50 mM Tris pH 7.5). 
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Flag tagged proteins were eluted from the beads using 200 µg/ml 3X Flag 
peptide (Sigma). 
 Immunoblotting was performed as previously described (Pazour et al., 
1998). Total-cell lysates were harvested by washing the cells once with cold 1X 
PBS then scraping the cells into protein denaturing buffer and passing it through 
a 22-gauge needle. Samples were run on SDS-PAGE and transferred to 
polyvinylidene difluoride membrane at 4˚C overnight. Polyvinylidene difluoride 
was equilibrated with 1X TBST (150 mM NaCl, 1% Tween 20, 50 mM Tris pH 
7.5) for 10 minutes, and membranes were blocked with 5% nonfat dry milk in 1X 
TBST supplemented with 1% fish gelatin (Sigma) for 30 minutes. Primary 
antibodies were diluted in the blocking solution as recommended by the 
manufacturer and incubated with the membrane for 2 hrs at room temperature. 
Goat anti-rabbit-IgG, (H+L) or Goat anti-mouse-IgG, (H+L) Horseradish 
peroxidase-conjugated secondary antibodies (Thermo Fisher) and Dura Western 
Substrate (Pierce) were used to detect the primary antibodies. Immunoblot 
images were acquired using either a LAS-3000 imaging system (Fujifilm, Tokyo, 
Japan) or a Molecular Imager Chemi DocTM XRS+ imaging system (BioRad). 
Primary antibodies used include anti-MmPallidin (a gift from E. 
Dell’Angelica, University of California, Los Angeles School of Medicine, Los 
Angeles, CA) (Nazarian et al., 2006), anti-MmDTNBP1 (11132-1-AP, 
Proteintech), anti-MmExo70 (70X13F3, Sigma), anti-MmSec8 (14G1, Stressgen), 
anti-gamma tubulin (GTU88, Sigma), anti-gamma tubulin (a gift from S. Doxsey, 
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University of Massachusetts Medical School, Worcester, MA) (Zheng et al., 
1995), anti-SpAcetylated tubulin (6-11B-1, Sigma), anti-Flag (F1804, Sigma), 
anti-MmArl13b (N295B/66, Davis/NIH NeuroMab Facility), anti-MmSmoothened 
(E-5, Santa Cruz), anti-MmAQP2 (SAB5200110, Sigma), anti-MmRab11 (47, BD 
Transduction Laboratories), anti-MmRab11 (20229-1-AP, Proteintech), anti-
MmIFT20 (Pazour et al., 2002a), anti-MmGMAP210 (Follit et al., 2008), anti-
MmPkd2 (Pazour et al., 2002b), anti-MmIFT27 (Follit et al., 2009), and anti-
MmIFT88 (Pazour et al., 2002a).  
Mouse Breeding 	
All mouse work was approved by the Institutional Animal Care and Use 
Committee (IACUC) at Emory University. All mice were in C57BL/6 background 
and are described in (Larimore et al., 2014). 
Histology 
Harvesting and Fixing Tissues 	
Wild type and Dtnbp1sdy/sdy and Pldnpa/pa mice were sacrificed with CO2 narcosis 
followed by cervical dislocation. Kidneys were harvested and fixed in 4% 
paraformaldehyde in 1X PBS overnight at 4˚C, followed by paraffin embedding 
(Jonassen et al., 2008). 
Hematoxylin and Eosin staining 
Paraffin tissue sections were dewaxed using SafeClear (Fisher 
Diagnostics) and rehydrated with graded aqueous solutions of ethanol. The 
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sections were stained in CAT Hematoxylin solution (Biocare Medical) for 8 
minutes followed by washing in running tap water for 5 minutes and 
differentiation in 2% hydrochloric acid in 70% ethanol for 30 seconds. The 
sections were washed in running tap water for 1 minute before Bluing in Tacha’s 
Bluing Solution (Biocare Medical) for 1 minute followed by washing in running tap 
water for 5 minutes. Next, the samples were dipped ten times in 95% ethanol, 
counterstained in Edgar Degas Eosin solution (Biocare Medical) for 1 minute and 
washed three times in 100% ethanol for 1 minute. Last, the sections were 
cleared in two changes of xylene for 5 minutes and mounted with Permount 
(Fisher Scientific) (San Agustin et al., 2016). 
Immunohistochemistry 	
Paraffin sections were dewaxed and rehydrated as described above. Antigen 
retrieval was performed in 10 mM sodium citrate, pH 6.0, in the autoclave for 40 
minutes at 121˚C. Samples were cooled to ambient temperature and equilibrated 
in 1X TBS (50 mM Tris-buffered saline, pH 7.4) for 5 minutes, followed by 
blocking in 4% non-immune goat serum, 0.1% cold water fish skin gelatin 
(Sigma), 0.1% Triton X-100, in 1X TBST (150 mM NaCl, 1% Tween 20, 50 mM 
Tris pH 7.5) for 30 minutes. Sections were washed in 1X TBST and incubated 
with primary antibodies or 488-conjugated Lotus tetragonolobus agglutinin (LTA) 
(Vector Laboratories) diluted in 0.1% cold water fish skin gelatin in 1X TBST 
overnight at 4˚C. Next, samples were washed with 1X TBST and incubated with 
1:1000 dilutions of secondary antibodies diluted in 0.1% cold water fish skin 
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gelatin in 1X TBST for 1 hr. Last, the sections were washed with 1X TBST, rinsed 
with 1X TBS, dipped in 1X TBS supplemented with 1 mg/ml DAPI for 5 seconds, 
and mounted with Prolong Gold (Life Technologies) (San Agustin et al., 2016).  
Microscopy 	
Wide-field images were captured using an Orca ER camera on a Zeiss Axiovert 
200M microscope equipped with either a EC plan-Neofluar 40X/1.3 NA oil or 
Plan-Apochromat 100X/1.4 NA oil Zeiss objective (Thornwood, NY) using 
Openlab software (Improvision, Lexington, MA). Immunohistochemistry images 
were captured using a DFC365 FX camera (Leica) on a LEICA TCS SPE DM 
500 Q confocal microscope (Leica) equipped with an ACS Apo 40X/1.15 NA oil 
Leica objective. Z-stacks were acquired using Leica Application Suite Advanced 
Fluorescence software and converted to single planes by maximum projection 
with ImageJ software. Bright field images were acquired with a Zeiss Axioskop 2 
Plus using a N-Achroplan 2.5X/0.07 NA air Zeiss objective equipped with an 
Axiocam HRC color digital camera and Axiovision acquisition software. All 
images were acquired at room temperature. 
Data Analysis 	
Quantification of fluorescent pixel intensity, immunoblot pixel intensity, and length 
was measured using the measurement tools of ImageJ. Linear regression and 
statistical analysis was determined using Graph Pad Prism software. Linear 
regression analysis of newly synthesized membrane protein delivery to the cilium 
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was performed on selected time points: 0, 1, 2 Hours for CD8-FibrocystinCTS-
SNAP; 0, 1, 2, 4, 6 Hours for Polycystin-2-GFP-SNAP; and 0, 1, 2, 4, 6 Hours for 
Smoothened-SNAP-GFP. The time points were chosen by determining which 
data points remained linear before (or if) reaching a plateau in the control groups. 
The slope values obtained from this analysis represent the trafficking rates of 
newly synthesized membrane protein delivery to the cilium. Slope values 
between control and experimental groups were compared with one another to 
determine statistical significance. Data was subjected to either unpaired 
Student’s t test or One-way ANOVA and Bonferroni or Tukey’s multiple 
comparisons test where * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 and 
ns = non-significant.  
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Chapter V : Conclusion 
 
My thesis work supports the hypothesis that membrane protein receptors use 
distinct molecular machineries and trafficking routes for delivery to the primary 
cilium. This chapter will summarize my findings, discuss future inquiries, and 
provide experimental approaches that can be used to address these questions. 
This conclusion will guide the next group of researchers who are investigating the 
targeting of membrane proteins to cilia.  
Golgi-IFT Complex 	
Polycystin-2 and fibrocystin trafficking to cilia is dependent on IFT20 and 
GMAP210, which is consistent with loss of function IFT20 animals having a cystic 
kidney phenotype (Jonassen et al., 2008). I hypothesize that loss of function 
GMAP210 animals will also have cystic kidneys. Because GMAP210 null animals 
die after birth due to heart and lung defects, a Cre-Lox recombination system will 
need to be used to delete GMAP210 in the kidneys of adult animals (Follit et al., 
2008). If the GMAP210 loss of function animals have cystic kidneys then this 
result would further support the involvement of GMAP210 in trafficking 
cystoproteins to cilia. 
Smoothened trafficking to cilia is independent of IFT20 and GMAP210 
suggesting that smoothened ciliary transport might be independent of IFT. To 
address this question, the IFT machinery has to be removed or disrupted in pre-
existing cilia and then examined for ciliary receptor localization. This method is 
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widely used in Chlamydomonas reinhardtii IFT temperature sensitive mutants 
that have fully formed cilia before being shifted to a non-permissive temperature 
to disrupt the function of a protein of interest (Kozminski et al., 1995). However, 
Chlamydomonas reinhardtii do not express smoothened and there is currently no 
method to do these types of temperature sensitive mutant experiments in 
mammalian cells. An auxin-inducible degron (AID) system can be used in 
mammalian cells to test whether IFT is required for receptor trafficking to cilia. 
Auxin is a plant hormone that promotes the interaction of a specific E3 ubiquitin 
ligase with an AID allowing for its degradation by the proteasome (Nishimura et 
al., 2009). The AID can be fused to any protein of interest and can be co-
expressed with the specific E3 ubiquitin ligase, allowing for rapid depletion of a 
protein of interest (within thirty minutes) in the presence of auxin (Nishimura et 
al., 2009). An IFT20 null mammalian cell line will express both exogenous IFT20 
fused to the AID and the E3 ubiquitin ligase, then the cells will be treated with 
auxin to rapidly target the exogenous IFT20 for degradation which will disrupt the 
IFT system. Time points can be taken to analyze receptor localization at the 
cilium in the absence of IFT. This method is certainly feasible but the main 
concern would be how long the cilium would still be present after addition of 
auxin to the cells. 
IFT20 interacts with both the exocyst and BLOC-1 and these complexes 
are involved in membrane protein trafficking to cilia. The BirA proximal 
biotinylation system can be used to identify new proteins that potentially interact 
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with IFT20 and may be required for ciliary receptor targeting. BirA is a biotin 
protein ligase that can be fused to any protein of interest and when BirA is in the 
presence of biotin it can biotinylate proteins that are within an estimated proximity 
of 20 – 30nm of the bait protein (Roux et al., 2012). A streptavidin pull down can 
then be used to recover the biotinylated proteins for mass spectrometry analysis. 
The advantage of the BirA proximal biotinylation system is that it allows for the 
identification of weak or transient protein interactions that may not be detectable 
through conventional pull down methods. IFT20 null mammalian cells expressing 
IFT20 fused to the BirA will be treated with biotin, then pull down and mass 
spectrometry analysis will be performed on the cell lysates. Cloning and 
immunoprecipitation methods can be used to validate the potential interactions 
with IFT20. A possible concern is that the BirA tag may interfere with the cellular 
localization of IFT20 and fluorescence microscopy will need to be performed to 
ensure the proper localization of the fusion protein.  
Exocyst 
 
Fibrocystin and polycystin-2 trafficking to cilia is dependent on the exocyst 
complex. It would be exciting to identify the target membrane location at the base 
of the cilium where the exocyst is tethering newly delivered receptor-carrying 
vesicles. To test this question, SNAP tag pulse-chase trafficking assays can be 
performed using either total internal reflection fluorescence microscopy (TIRFM) 
or superresolution structured illumination microscopy (SIM). TIRFM uses near 
field excitation close to the cell surface to identify vesicle-tethering events in 
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living cells and this method can utilize three different colors to detect proteins of 
interest (Axelrod, 2008; Toomre and Bewersdorf, 2010). For example, 
mammalian cells will express both the polycystin-2(1-703)-GFP-SNAP construct 
and the exocyst subunit Sec8 fused to a fluorescent tag. The GFP tag will label 
the cilium, the SNAP tag will mark the newly delivered receptor, and Sec8 will 
label the exocyst at the base of the cilium. The cells will be imaged after 
temperature shift from 19˚C to 37˚C when membrane proteins are released from 
the Golgi apparatus and an increase in the co-localization of newly delivered 
receptors with the exocyst at the base of the cilium over time would be expected. 
The caveat with the TIRFM method is that it will require a lot of optimization in 
regards to microscope settings and the choice of fluorescent molecules.  
SIM can be used to identify membrane protein tethering at the base of cilia 
in fixed cells. SIM excites the sample with patterned light and uses data 
processing to yield the super-resolved image at an x-y-resolution of ~100nm 
(Toomre and Bewersdorf, 2010). Unlike other superresolution microscopy 
techniques, SIM is highly compatible with fluorophores used in standard wide-
field imaging. The same experimental method described for TIRFM will be used 
except the cells will be fixed and stained at different time points. I would expect to 
see an increase in the co-localization of newly delivered protein with the exocyst 
at the base of the cilium over time. The SIM method will also require 
experimental optimization and storage space for the large data files. 
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Smoothened trafficking to cilia is independent of the exocyst which was 
surprising because the exocyst complexes located on the basolateral membrane 
of epithelial cells were thought to tether smoothened carrying vesicles due to its 
proposed use of the lateral trafficking pathway (Grindstaff et al., 1998; Milenkovic 
et al., 2009). Other protein complexes could be tethering smoothened at target 
membranes during the process of ciliary transport. The BirA proximal 
biotinylation system can be used to identify new proteins that potentially interact 
with smoothened and these proteins may be involved in receptor trafficking. 
Once these protein interactions are validated, they can then be tested for their 
involvement in smoothened delivery to cilia using the SNAP tag fluorescence 
based pulse-chase assay. 
Knockdown of the exocyst in mammalian cells reduces the steady-state 
levels of the peripheral membrane protein Arl13b at the cilium implying that the 
exocyst is involved in its trafficking to cilia. To address this question, the SNAP 
tag fluorescence based pulse-chase trafficking assay can be performed on 
exocyst knockdown cells expressing an Arl13b-SNAP-GFP construct and a 
reduction in Arl13b ciliary trafficking would be expected. A possible concern is 
that the SNAP and GFP tags may interfere with the cellular localization of Arl13b 
and fluorescence microscopy will need to be performed to ensure that the fusion 
protein localizes at the cilium.  
BLOC-1  	
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Polycystin-2 but not fibrocystin or smoothened trafficking to cilia is dependent on 
BLOC-1, which supports the involvement of the BLOC-1 complex in trafficking 
specific receptors to the cilium. It would be interesting to find other membrane 
proteins that are dependent on BLOC-1 for their delivery to cilia. The BLOC-1 
subunit dysbindin is a schizophrenia susceptibility gene and patients diagnosed 
with schizophrenia are treated with antipsychotic drugs that target dopamine 
receptors (Hartwig et al., 2017; Seeman, 2013; Talbot et al., 2004; Weickert et 
al., 2008). Dopamine receptors-1, -2, and -5 localize at the cilium and dysbindin 
is involved in the trafficking of dopamine receptor-2 to the cell surface (Iizuka et 
al., 2007; Ji et al., 2009; Marley and von Zastrow, 2010a). I hypothesize that 
dysbindin regulates the transport of dopamine receptors to cilia and this question 
can be tested by performing the fluorescence based pulse-chase trafficking 
assay on dysbindin knockdown cells expressing dopamine receptors fused to 
both a SNAP and GFP tag. I expect that the dysbindin knockdown cells will show 
a reduction in the trafficking of specific dopamine receptors to cilia. A possible 
concern is that ciliary targeting of the dopamine receptors is independent of 
dysbindin but this result will still be informative because it indicates that 
dopamine receptors use a different trafficking mechanism for delivery to the cell 
surface and cilia.  
The scaffolding protein disrupted in schizophrenia-1 (DISC-1) is also a 
schizophrenia susceptibility gene and it localizes at the base of the cilium (Marley 
and von Zastrow, 2010a; Millar et al., 2000). Yeast-II hybrid screen analysis 
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suggests that DISC-1 potentially interacts with IFT20, which implies that it may 
be involved in receptor trafficking to cilia (Camargo et al., 2007). To determine if 
DISC-1 interacts with IFT20, immunoprecipitation experiments will be performed 
on mammalian cells expressing DISC-1 fused to a Flag tag. The caveat to this 
experiment is that there may not be an interaction and new IFT20 interacting 
proteins will be identified using the previously described BirA proximal 
biotinylation system. If DISC-1 interacts with IFT20, than it would be interesting to 
test whether it is involved in selective dopamine receptor trafficking to cilia by 
performing the fluorescence based pulse-chase trafficking assay on DISC-1 
knockdown cells. A possible concern is that DISC-1 is not involved in dopamine 
receptor trafficking and then other neuronal receptors such as SSTR3 and 
MCHR1 can be examined to determine if they are dependent on DISC-1 for 
ciliary transport (Berbari et al., 2008b).   
DISC-1 loss of function animals display schizophrenia associated 
behavioral phenotypes and it would be intriguing to perform behavioral 
experiments on mice with IFT20 deleted from their brain tissue to ascertain if 
they exhibit a similar phenotype (Clapcote et al., 2007). Examples of behavioral 
tests include an acoustic startle response that examines information selection 
processing which is reduced in patients diagnosed with schizophrenia (Geyer 
and Ellenbroek, 2003). Maze tests can also be used to investigate memory loss 
and increased anxiety which are characteristics that are observed in 
schizophrenia patients (Arguello and Gogos, 2006).  
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 The heterotetrameric adaptor protein-3 (AP-3) complex interacts with 
BLOC-1 and is involved in trafficking proteins from endosomes to lysosomes and 
lysosome related organelles, indicating that AP-3 may play a role in receptor 
targeting to cilia (Gokhale et al., 2016; Gokhale et al., 2012; Sitaram et al., 2012). 
To answer this question, fluorescence based pulse-chase trafficking assays can 
be performed on AP-3 knockdown cells expressing polycystin-2(1-703)-GFP-
SNAP and a reduction in receptor ciliary trafficking would be expected because 
polycystin-2 delivery to cilia is dependent on BLOC-1. The caveat to this 
experiment is that AP-3 may not be involved in polycystin-2 targeting to cilia and 
this result will still be informative because it implies that BLOC-1 targeting of 
polycystin-2 to cilia is independent of AP-3.  
Loss of function BLOC-1 animals have cystic kidneys, indicating that AP-3 
loss of function animals may also have a cystic kidney phenotype. To test this 
hypothesis, hematoxylin and eosin staining and immunohistochemistry can be 
performed on kidneys from AP-3 animals. BLOC-1 and AP-3 loss of function 
animals both have severe pigmentation and platelet aggregation phenotypes 
which strongly suggests that the AP-3 animals will also have cystic kidneys 
(Feng et al., 1999; Huang et al., 1999). The presence of a cystic kidney 
phenotype in the AP-3 animals will further support its involvement in receptor 
trafficking to cilia.  
Recycling Trafficking Pathway 
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The peripheral membrane protein Arl13b was observed accumulating at Rab11 
positive endosomes in mammalian cells expressing the dominant negative 
MyoVb C-terminal tail construct, which perturbs trafficking through endosomes, 
inferring that Arl13b may be utilizing the recycling trafficking pathway for ciliary 
delivery. To address this question, the total steady-state levels of endogenous 
Arl13b at the cilium can be measured in cells expressing the dominant negative 
MyoVb motor. Fluorescence based pulse-chase trafficking assays can also be 
performed on cells expressing both the dominant negative MyoVb motor and 
Arl13b fused to the SNAP and GFP tag. Additionally, the same Arl13b 
experiments described above can be performed in cells expressing dominant 
negative Rab11a, which is another method to disrupt the endosome system 
(Hehnly and Doxsey, 2014). I would expect the steady-state levels of Arl13b at 
the cilium and the trafficking rate of Arl13b to cilia to be reduced in these 
experiments if it is using the recycling pathway. If Arl13b is not traversing through 
endosomes to localize at cilia than this will still be an informative result that 
supports the use of distinct membrane protein trafficking pathways to cilia.  
Closing Remarks 	
The membrane proteins receptors fibrocystin, polycystin-2, and smoothened are 
most likely taking different trafficking pathways to the primary cilium. It is still 
unclear why these receptors are using different trafficking pathways and it might 
be due to the cell customizing preexisting intracellular transport routes through 
the process of evolution. Continued investigation is required to identify the 
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trafficking pathways that are used by specific ciliary membrane proteins and the 
molecular machineries required for their targeting to the cilium.   
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